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Summary 
 
Due to the various advantages of heterogeneous catalysis over homogeneous catalysis 
such as ease of handling, separation from the reaction mixtures and recovery of the 
catalysts, heterogeneous catalysts are increasingly employed for the synthesis of 
various useful and valuable chemicals. The objective of this thesis is to investigate the 
applications of heterogeneous catalysts in the catalytic green synthesis of various fine 
chemicals and rare sugars. 
First, studies of solid base magnesium oxide on the catalytic synthesis of 
industrially valuable flavanones and jasminaldehyde were carried out. The nature of 
the surface basic sites on MgO varied with the pre-treatment conditions. Besides 
removal of surface adsorbed water and carbon dioxide, rearrangement of surface and 
bulk atoms occurs during thermal treatment. By varying the calcination time for the 
refluxed MgO, a series of catalysts with different surface area, crystallite size and 
phase composition of MgO-Mg(OH)2 were obtained. The highest flavanone yield was 
achieved over MgO that had been treated by refluxing in water to convert it to 
Mg(OH)2, and had been subsequently calcined at 500 
o
C for 2 h. The resulting 
mixture oxide contained Brønsted and Lewis basic sites which are important for high 
flavanone yield. A selectivity of 94 % to flavanone was obtained in nitrobenzene as 
solvent while under solventless condition, the selectivity was even higher, 98 %. In 
addition, the results of synthesis of jasminaldehyde from 1-heptanal and benzaldehyde 
show that this aldol reaction was most facile over MgO prepared from Mg(NO3)2, 
  x 
even though this catalyst had a lower surface area and basicity than a commercial 
MgO, or the material obtained after reflux and calcination. Hence, it was inferred that 
the rate for the aldol condensation is facilitated at weak O
2- 
basic sites found in bigger 
crystallites of MgO-NO3. Treatment of this catalyst in 20 wt% H2O2 solution at 40 
o
C 
followed by calcination at 300 
o
C, created acid-base bifunctionality at the surface of 
this MgO. As a result, increased selectivity (88 ~ 90 %) to jasminaldehyde was 
obtained while the reaction rate decreased.   
Another project involved a different type of heterogeneous catalysis—Phase 
Transfer Catalysis. Phosphonium ionic liquids were investigated as phase transfer 
catalysts of high thermal stability for the synthesis of fluoroaromatics by the 
halogen-exchange (Halex) reaction. Among the three phosphonium ionic liquids 
tested, trihexyl (tetradecyl) phosphonium tetrafluoroborate was the most active 
catalyst for the introduction of fluoride by nucleophilic aromatic substitution. With a 
decomposition temperature above 300 
o
C, this ionic liquid is suitable for reactions at 
high temperatures. The addition of 1 mol % of the ionic liquid relative to KF 
increased the initial rate for the fluorination of 1,2-dichloro-4-nitrobenzene six-fold 
compared to the unanalyzed reaction.  
In the study on introducing heterogeneous catalysis for the synthesis of rare 
sugars, two projects were conducted. One is the synthesis of L-lyxose and L-ribose 
from the corresponding D-sugars. A heterogeneous catalyst was developed for the 
catalytic oxidation of the aldoses to the lactone, which is the most difficult and critical 
step of the proposed synthetic route. Instead of conventional oxidizing agents like 
  xi 
bromine or pyridinium dichromate, it was found that Pd–Bi/C could be used for the 
direct oxidation with molecular oxygen. The composition of the catalyst was 
optimized and the best results were obtained with 5 : 1 Pd : Bi. The overall yields of 
the five-step procedure to L-ribose and L-lyxose were 47 % and 50 %, respectively.  
The other rare sugar synthesis project targets hydroxy-pyrrolidines from 
D-sugars with zeolite catalysts for the introduction of protective groups by a green 
synthetic route. Commerically available zeolite catalysts were employed in the 
designed synthetic route. It was found that H-beta zeolite containing a Si/Al molar 
ratio of 150, produced an excellent yield of > 83 % in the one-pot synthesis of 
2,3-O-isopropylidene-D-ribose. The catalyst could be reused for subsequent batch 
reactions with no significant loss of activity and selectivity. The synthetic route 
resulted in good yields of 1,4-dideoxy-1,4-imino-L-lyxitol and 
1,4-dideoxy-1,4-imino-D-lyxitol of 57 % and 50 %, respectively. The designed 
strategy is not only competitive in yield but also employs many of the principles of 
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1.1 General introduction  
According to Sheldon’s definition [1], green chemistry involves efficiently utilizing 
(preferably renewable) raw materials, eliminating waste and avoiding the use of toxic 
and/or hazardous reagents and solvents in the manufacture and application of 
chemical products. From feedstocks to solvents, synthesis and processing, green 
chemistry actively seeks ways to produce materials in a way that is more benign to 
human health and the environment. The increasing demand to protect the environment 
and preserve limited nonrenewable resources for the next generation drives humans to 
design and develop catalytic and overall “atom efficient” synthetic protocols in the 
production of chemicals.  
Catalysis is a key technology to achieve the objectives of green chemistry. 
Catalysis offers numerous green chemistry benefits including lower energy 
requirements, catalytic versus stoichiometric amounts of materials, increased 
selectivity, decreased use of processing and separation agents, and allows for the use 
of less toxic materials. Therefore, the design and application of catalysts or catalytic 
systems on chemical production process can significantly reduce or eliminate the use 
and generation of hazardous substances, thus achieving the dual goals of 
environmental protection and economic benefit.  
Catalysts can be roughly classified according to their phase behavior as 
  2 
homogeneous and heterogeneous catalysts. For heterogeneous catalysis, the catalyst 
and the reactants are in different phases. The reactants may be in the gas or liquid 
phase while the catalyst is usually in the solid phase, hence they are also known as 
solid catalysts. Phase transfer catalysis (PTC) is a special form of heterogeneous 
catalysis, which frequently involves two immiscible liquid phases; the catalyst works 
like a detergent for solubilizing the salts into the organic phase where reaction occurs. 
The increasing social and environmental pressure on the industry to substitute 
the traditional homogeneously-catalyzed reactions with environmental friendly 
technologies is the driving force for the development of heterogeneous catalysts. 
Indeed, heterogeneous catalysts have many advantages over homogeneous catalysts, 
such as reduced corrosion and related environmental problems, ease of disposal and 
possibility of recycling. Heterogeneous catalysts, especially solid catalysts, have been 
used in many industrial processes and their surface properties and structures have 
been analyzed by advanced instruments and highly sophisticated techniques since 
1970. 
 
1.2 Solid base catalysis in fine chemical synthesis 
Although solid acid catalysts have been extensively studied in the past 40 years due to 
the demand in the petroleum and petrochemical industries [2, 3], fewer efforts have 
been made to study solid base catalysts. Comparing their industrial applications, a 
1999 survey showed that only 8 % of the reviewed processes employ solid bases as 
catalyst [4]. Liquid base catalysts are employed industrially in numerous reactions 
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including isomerization, cyclization, addition, dehydration, condensation, amination, 
etherification, alkylation, oligomerization and polymerization as well as esterification. 
The replacement of liquid bases by solid base catalysts allows easy separation and 
recycle of the catalyst from the reaction mixture In many cases, it is possible to 
prepare more selective solid base catalysts by controlling the nature of the active sites 
(Brønsted or Lewis sites), and base strengths. Because of these advantages, research 
on the synthesis of fine chemicals using solid base as catalyst has increased over the 
past decades. 
The first studies of solid base catalysts were by Pines et al. [5] in 1955 who 
showed that sodium metal supported on alumina is an effective catalyst for double 
bond migration of alkenes. Subsequently, many different kinds of solid base catalysts 
have been reported in the literature, including alkali ion-exchanged zeolites [6], 
sepiolites [7], alkaline oxides supported on microporous [8] and mesoporous solids 
[9], sodium metal clusters in zeolites [10], alkali metals supported on alumina 
(Na/NaOH/γ-Al2O3), alkaline earth solids such as magnesium and barium oxides, and 
aluminum magnesium mixed oxides derived from hydrotalcites [11] and nitrides [12]. 
Generally, there are five types of solid base catalysts: including alkaline metal oxides, 
basic zeolites, supported alkali metal catalysts, mesoporous materials and layered clay 
materials. These materials are recognized as solid bases by the following properties 
[13]: 
(1) Surface basicity can be tested by various methods such as color change of 
acid-base indicators, adsorption of acidic molecules, and spectroscopic methods 
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which indicate the existence of basic sites at the surface; 
(2) The catalytic activities can be correlated with the amount of basic sites or with 
the strength of these basic sites. Such active sites on the catalyst surface are 
poisoned by acidic molecules such as HCl, CO2 and H2O. 
(3) Reactions proceeding over the materials are similar to “base-catalyzed reactions” 
well-known in homogeneous systems. 
(4) Mechanistic studies of the reactions and spectroscopic observations of the surface 
species indicating that anionic intermediates are involved in the reactions. 
 
1.2.1 Alkaline earth metal oxides  
Alkaline earth metal oxide is one of major types of solid base catalysts and has been 
used for a variety of organic transformations. The basic sites able to abstract protons 




 ion pairs and OH groups, 
whereas the adjacent metal ion acts to stabilize the resultant anionic intermediate [14]. 
Coluccia and Tench [15] proposed a model of the MgO surface that shows Mg 
and O ions with various coordination numbers (Fig. 1-1). MgO has a defective surface 
structure showing steps, edges, corners atoms which provide O
2- 
sites of low 
coordination numbers. These low-coordinated O
2-
 sites will act as Lewis bases 
(electron pair donors). The base strength of these surface O
2-
 sites increases as the 
coordination number becomes lower. However, when the surfaces of these materials 
are in contact with the atmosphere, they are covered with CO2, water, and in some 
cases, oxygen. They will affect the catalytic activity. Carbonate can be removed at 
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elevated temperature. However, such calcination may alter the surface structure, 
because surface atoms become mobile so that defects may heal. 
 
Fig. 1-1.  Proposed model of the MgO surface by Coluccia and Tench [15] 
 
The catalytic activity of MgO from Mg(OH)2 therefore depends very much on 
the pretreatment temperature. During pretreatment, rearrangement of surface and bulk 
atoms will occur, changing the crystallite size and shape of the material. This in turn, 
affects the number and nature of the surface basic sites. Normally, high temperatures 
(400-1000 ºC) are required to remove not only adsorbed water and carbon dioxide      
[16, 17], but also form the basic sites exposing O
2-
 ions with different coordination 
numbers.  
According to the above model (Fig. 1-1), the surfaces of alkaline earth metal 
oxides show heterogeneity in the nature of sites and the basic strength. Hence, 
different MgO may give different selectivities if there are several competitive 
reactions that require basic sites of different strength. The population of basic sites 
and consequently the activity and selectivity of the catalyst can also be changed by 
controlling the size and shape of the crystals. Through the preparation procedure, the 
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relative number of atoms located at corners, edges or faces can be varied.  
Beside MgO, other alkaline earth metal oxides such as CaO, SrO and BaO are 
also extensively studied. They possess strong basic sites with the basic strength 
varying as follows: BaO > SrO > CaO > MgO. Alkaline earth metal oxides are active 
solid base catalysts for various reactions including double bond migration, 
dehydration, dehydrogenation, amination, alkylation, MPV reduction, Tishchenko 
reaction, Michael addition and aldol condensation [18]. 
 
1.2.2 Characterization of the number and strength of basic sites of 
alkaline earth metal oxides 
There are various technologies and methods employed to study the surface properties 
of the heterogeneous basic catalysts. Different characterization methods give different 
information about the surface properties and all the properties of basic sites cannot be 
measured by any single method. The main techniques that are frequently used are the 
following: titration, spectroscopic investigations, and test reactions. These methods, in 
conjunction with adsorption and temperature-programmed desorption (TPD) of probe 
molecules, give information about the nature, number, strength, and reactivity of basic 
sites on solid catalysts. 
 
1.2.2.1 Titration Methods 
The number of basic sites of different strengths can be evaluated by titration using 
organic acids (benzoic acid, acrylic acid, phenol, etc.) in water or organic solvents    
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[19, 20]. The general methodology involves suspension of the solid in a solvent such 
as benzene or cyclohexane in the presence of a Hammett indicator (BH). The 
indicator is adsorbed on the catalyst in its conjugated base form (B
-
), which is then 
titrated with the organic acid. The amount of organic acid required is a measure of the 
number of sites that have a base strength corresponding to the pKa value of the 
indicator. 
The strength of the basic sites can be expressed on a scale given by the H0 







where pKa is the pKa value of the indicator BH, and [BH] and [B
-
] are the 
concentration of the indicator and its conjugate base, respectively. This method has 
been widely applied to assess the basicities of a variety of oxides and hydroxides. 
Although this method has been applied widely, the use of Hammett indicators is 
highly controversial, especially when they are used to give quantitative results. 
 
1.2.2.2 Spectroscopic Methods 
Among the spectroscopic techniques, one of the most widely used to characterize the 
basic properties of alkaline earth metal oxides is infrared (IR) spectroscopy of 
adsorbed probe molecules [21-23]. Adsorption of a specific probe molecule on a 
catalyst induces changes in the vibrational spectra of surface groups and the adsorbed 
molecule. The analysis of IR spectra of surface species formed by adsorption of probe 
molecules (e.g., CO, CO2, SO2, pyrrole, chloroform, acetonitrile, alcohols, thiols, 
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boric acid trimethyl ether, acetylenes, ammonia, and pyridine) was reviewed critically 
by Lavalley [24], who concluded that there is no universally suitable probe molecule 
for the characterization of basic sites. This limitation results because most of the 
probe molecules interact with surface sites to form strongly bound complexes, which 
can cause irreversible changes of the surface. IR spectroscopy of adsorbed probe 
molecules only provide information about the nature of the basic sites but do not give 
information about the number and strength distribution of the basic sites on a solid 
base catalyst. To determine the latter, the spectroscopic technique must be coupled 
with TPD measurements of adsorbed probe molecules. 
Temperature-programmed desorption of probe molecules is frequently used to 
measure the number and strength of basic sites, and the most commonly used probe 
molecule is CO2. According to this method, the strength of the basic sites is 
represented by the desorption temperature, and the peak area in the TPD plot 
determines the number of basic sites [25]. Although this method accounts successfully 
for the relative strength and number of basic sites of various catalysts measured under 
the same conditions, it is difficult to express the basicity measurements on an absolute 
scale. TPD measurements of alkaline earth metal oxides carried out under the same 
conditions showed that the strength of basic sites increases in the order                  
MgO < CaO < SrO < BaO, whereas the number of basic sites per gram of catalyst 
increases in the order BaO < SrO < MgO < CaO [26]. 
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1.2.2.3 Test reactions 
Several catalytic test reactions have been used for indirect characterization of acid and 
base properties of solids [27]: 
The Knoevenagel reaction, a modification of the aldol condensation, is a 
base-catalyzed reaction. The reaction involves the abstraction of a proton by the 
catalyst. By using molecules with various pKa values [28, 29] as reactants, one can 
measure the total number of basic sites and also the base strength distribution. Corma 
et al. [29] investigated the Knoevenagel condensation between benzaldehyde and 
various methylene active compounds, i.e., ethyl cyanoacetate (pKa= 9), diethyl 
malonate (pKa = 13.3), and ethyl bromoacetate (pKa= 16.5) over calcined MgAl 
hydrotalcites (Fig. 1-2). The authors found that this material has basic sites with pK 
values up to 16.5, although most of the basic sites were characterized by values in the 
range 10.7 ≤ pK≤ 13.3 Moreover, it was found that by increasing the Mg/Al ratio in 
the hydrotalcite, the number of basic sites with pK values between 9.0 and 13.3 
increased, whereas the number of basic sites in the range 13.3 - 16.5 decreased. 
 
Fig. 1-2. Knoevenagel condensation between benzaldehyde and methylene active 
compounds  
 
Another commonly used test reaction is isomerization of -isophorone to 
-isophorone, which has been represented as a model reaction for the characterization 
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of solid bases [30, 31]. The reaction involves the loss of a hydrogen atom from the 
position α to the carbonyl group, giving an allylic carbanion stabilized by conjugation, 
which can isomerize to a species corresponding to the carbanion of -isophorone      
(Fig. 1-3). In this reaction, zero-order kinetics has been observed at 35 ºC for many 
bases, and consequently the initial rate of the reaction is equal to the rate constant. 
The rate of isomerization has been used to measure the total number of active sites on 
a series of solid bases. Figueras et al. [30, 31] showed that the number of basic sites 
determined by CO2 adsorption on various calcined double-layered hydroxides was 
proportional to the rate constants for -isophorone isomerization (Fig. 1-4), 
confirming that the reaction is a useful tool for the determination of acid–base 
characteristics of oxide catalysts. 
Fig. 1-3. Isomerization of -isophorone to α-isophorone 
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Fig. 1-4. Relationship between the rate constant (k) for isophorone isomerization and 
the number of sites for CO2 adsorption on calcined hydrotalcites with various 
compositions [31]. 
 
1.2.3 Applications of solid base catalysts for fine chemical synthesis 
Bases are usually used in organic reactions to deprotonate and form carbanion 
intermediates. In the synthesis of large and complex molecules, carbon-carbon bond 
forming reactions such as aldol condensations or Michael additions are important. 
This is why base-catalyzed reactions usually find more applications in the synthesis of 
intermediates and fine chemical synthesis whereas solid acids are used in the 
production of fuels and bulk chemicals at a very large scale. Replacing the 
conventional homogeneous base catalysts, mostly solutions of alkali metal hydroxides 
and alkoxides, by solids can be desirable for various reasons. Undesired side reactions 
(polymerization, self-condensation) can be suppressed while salt formation due to the 
necessary neutralization of the soluble bases may be avoided. The main base 
catalyzed reactions studied in this thesis are the aldol condensation and the 
isomerization. 
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1.2.3.1 Aldol condensation 
Aldol condensation is an important C-C bond formation reaction involving coupling 
of carbonyl compounds. The aldol self condensation of acetone is catalyzed by a 
variety of solid bases such as alkaline earth oxides, La2O3, ZrO2, Ba(OH)2 [13, 32]. In 
the presence of hydrotalcite bearing OH
-
 ions, cross aldol condensation of acetone 
with substituted benzaldehyde at 50 ºC gives selectively the dehydration product of 
the corresponding aldol [33].  
 
Fig. 1-5.  Cross-condensation of heptanal with benzaldehyde 
 
In this study, we use the cross-condensation of heptanal with benzaldehyde  
(Fig. 1-5), which leads to jasminaldehyde (-n-amylcinnamaldehyde), as a test 
reaction. This reaction has been performed with various solid base catalysts [34, 35]. 
In particular, MgO gave excellent conversions of heptanal (97 %) at 125 C in the 
absence of a solvent although the selectivity to jasminaldehyde was only 43 %. A low 
selectivity, 40 %, was also reported for the MgO-catalyzed cross-aldol condensation 
of acetaldehyde and heptanal [36]. 
The Claisen-Schmidt condensation is another type of aldol reaction involving a 
ketone and an aldehyde. Flavonoids, a ubiquitous group of polyphenolic compounds, 
  13 
are widely distributed in plants, preserving the health of plants against infections and 
parasites [37-39]. The first step of the chemical synthesis of flavonoids involves the 
Claisen-Schmidt condensation between appropriately substituted 
2-hydroxyacetophenone and substituted benzaldehyde (Fig. 1-6).  
 
Fig. 1-6. Claisen-Schmidt condensation between substituted 2-hydroxyacetophenone 
and substituted benzaldehyde followed by isomerization of the 2’-hydroxychalcone 
intermediate 
 
1.2.3.2 Isomerization reactions 
Alkaline earth metal oxides are active catalysts for isomerization. For example, SrO2 
exhibits high activity and selectivity for the isomerization of -pinene to -pinene 
[40]. MgO and CaO have excellent activities for isomerization of 1-butene and 
1,4-pentadiene and, particularly, for isomerization of compounds containing 
heteroatoms, such as allylamine or 2-propenyl ethers [41-45].  
The second step in flavonoid synthesis involves the isomerization of the 
2’-hydroxychalcone intermediate 1 (Fig. 1-6). A number of different heterogeneous 
catalysts has been reported for the flavonoid synthesis, such as aminopropylated 
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mesoporous silica [46], aminopropyl-functionalized SBA-15 [47], barium hydroxide 
[48, 49], hydrotalcites [50-52], and natural phosphates modified with NaNO3 or KF 
[53, 54]. However, their catalytic activities to the desired flavanone 2 are low, with 
selectivity < 70 %. 
 
1.3 Solid supported-metal catalysts in fine chemical and rare sugar 
synthesis  
Supported-metal catalysts are among the most important materials in heterogeneous 
catalysis and play critical roles in most consumer products through their uses in 
polymer (plastics) production, petroleum refining (to make gasoline), bulk and fine 
chemicals production, and food production [55]. Generally, the two significant 
constituent parts of supported-metal catalysts are the doped metal and the supported 
material.  
 
1.3.1 Metal catalysts  
Normally, novel metals such as platinum, palladium, rhodium, ruthenium, iridium are 
widely employed as metal catalysts and show remarkable catalytic properties. Each of 
them has some particular catalytic properties that distinguish it from its neighbors. For 
example, palladium, platinum and rhodium are comparably efficient metals for the 
hydrogenation of carbon-carbon multiple bonds, while ruthenium is generally less 
efficient. In contrast, ruthenium catalysts are active in the reduction of aldehydes and 
ketones to primary and secondary alcohols, respectively. Ruthenium catalysts are 
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employed commercially in the reduction of polysaccharides (with hydrolysis) to 
cyclitols whereas palladium and platinum are less effective [56]. 
Palladium belongs to group 10 in the periodic table and is a soft silver-white 
metal that resembles platinum. It is the least dense and has the lowest melting point of 
the platinum group metals. Palladium does not react with oxygen at normal 
temperatures and will form a layer of palladium (II) oxide (PdO) when it is heated to 
800 °C. Common oxidation states of palladium are 0, +1, +2 and +4, although 
originally +3 was thought of as one of the fundamental oxidation states of palladium.  
In the field of fine chemicals, palladium is arguably the most versatile and the 
most widely applied catalytic metal. However, with the exception of hydrogenation/ 
dehydrogenation reactions, many commercial processes are carried out with 
homogeneous Pd catalysts, either with or without organic ligands. The literature for 
the application of heterogeneous Pd catalysts in fine chemical synthesis is rather 
limited and until a decade ago, was restricted to hydrogenation and dehydrogenation 
reactions [56–58]. This situation is changing slowly and in the last few years the 
application of supported metallic palladium for C–C bond-forming transformations, 
oxidation reactions of alcohols to aldehydes or ketones and of aldehydes to carboxylic 
acids [59, 60] have increased significantly. Table 1-1 summarizes some reactions over 
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Carbonylation of alkenes 4 
Carbonylation of Ar–X 4 
Chemoselective hydrogenation of various functions 1 
Debenzylation 1 
Heck reaction (and variants thereof) 3 
Hydrogenolysis of C–halide bonds 1 
Oxidation of alcohols or aldehydes 3 
Reductions of various functions using hydrogen donors 2 
Suzuki coupling reaction 3 




1: broad synthetic and/or industrial application; 2: broad synthetic application;  
3: narrow synthetic application; 4: single examples. 
 
1.3.2 Supports 
In chemistry, a catalyst support is usually a solid with a high surface area, to which 
the catalyst is affixed. Charcoal, Al2O3, SiO2, TiO2 and MgO are widely used as 
support materials for various metal catalysts [61]. Among them, Al2O3 and charcoal 
are most commonly used with each support having its own merits and demerits. 
One advantage of alumina (Al2O3) as a support is its interactive nature with most 
of the active components and its mechanical strength [62]. Although alumina has a 
much lower surface area than most charcoals, its use is favored in reactions where 
excessive loss of product occurs due to the highly adsorptive nature of charcoals. 
Moreover, due to its intrinsic acidity and activity, alumina-supported metals may, in 
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certain cases, exhibit higher selectivity than the charcoal-supported metals in cases 
where more than one reaction is possible [63]. However, the major disadvantage with 
this support is also obvious: it can only be used in neutral or dilute acids and alkalis 
reaction environment due to its susceptibility towards acid and alkalis. Alumina exists 
in many forms and the two major forms are alpha and gamma alumina. Alpha alumina 
has a fairly low surface area and is used in reactions where the support is essentially 
inert and functions only as a means of extending the surface of the active metal. 
Different from alpha alumina, gamma alumina not only supports the doped metal, but 
may also play a vital part in the reaction [63]. 
Carbon has long been deemed as a good catalyst support because of its high 
surface area and highly adsorptive nature. Although this can lead to losses of valuable 
product by adsorption from solution, most charcoals are fairly selective and this 
difficulty can often be overcome by changing the grade of charcoal [64]. In addition, 
features such as diverse porous structure, resistance to acidic and basic environments, 
low cost, easy accessibility, good recycling characteristics, low density and 
amenability to synthesize variants are important reasons why charcoal is a widely 
used catalyst support [65]. Charcoal exists as amorphous carbon and crystalline 
carbon. 
Graphite and diamond are the two best known crystalline forms of carbon and 
have been widely used in lubricants, electrodes, jewellery and for other industrial 
applications. Fullerenes and carbon nanofibres started emerging in 1960s and 1970s. 
Since the formal discovery of carbon nanotubes by Iijima in 1991 [66], these 
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tubular/fibre-structured carbon materials have stimulated research in wider areas of 
application including semiconducting, aerospace, catalysis and gas storage. As 
debates on the benefits and drawbacks of these crystalline carbon materials continue, 
some of these materials have found industrial application and show superior 
performance as fuel cell electrodes and in catalysis [67, 68]. 
Amorphous carbon is primarily made of graphitic sheetlets with no regular order 
which are characterized by strong covalent bonding in the basal plane. Activated 
carbon is one of the most common amorphous carbons. Its manufacture and use dates 
back to the 19th century [69]. The usefulness of activated carbon mainly derives from 
its high micropore and mesopore volumes and the resulting high surface area. Due to 
the presence of favorable pore geometries and volumes, activated carbons have been 
used in the areas of gas separation and storage [70–73], water purification [74], 
catalysis [75–80], and electrochemistry [81]. 
 
1.3.3 Preparation of supported-metal catalysts 
Impregnation is a simple technique for deposition of metals into the pore network of 
the carbon support. In most cases, the precursor metal solution is mixed together with 
the support carbon materials, and allowed to enrich the surface with metal centres 
through contact and evaporation. The mixed solution can be subjected to mixing by 
methods such as sonication or stirring to ensure maximum metal dispersion in the 
solution [82]. Next, the material is dried and subsequent heat treatment under inert gas 
is usually performed to further stabilize the metal catalyst [83, 84]. Because of its 
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simplicity and ease of control in metal loading, this is a well established catalyst 
preparation procedure. However, poor metal dispersion and pore blocking of the 
support can be a problem, especially when the metal loading is high [85–91]. 
The precipitation–deposition method is another simple procedure for catalyst 
preparation. Generally, it involves mixing of two chemical reagents to form a 
precipitate of the core catalyst element. Sometimes a hydrolyzing reagent is used to 
facilitate the precipitation [92]. As with the impregnation technique, pore blocking 
and poor metal dispersion are undesirable. 
There are ways to improve the catalyst dispersion by surface functionalization 
such as doping [93], introducing oxygen groups by acid treatment or by surface 
grafting [92, 94, 95]. These introduced functional groups act as anchoring sites during 
metal impregnation–deposition, leading to improved metal dispersion and size control 
of the resultant metal nanoparticles. Other methods such as micro-emulsion 
preparation using a surfactant have also been attempted in an effort to improve the 
metal dispersion, with limited success [96]. 
 
1.3.4 Application of carbon-supported Pd catalysts in oxidation 
reactions 
Palladium on carbon (Pd/C) is a very active heterogeneous catalyst and is widely used 
in various types of organic reactions such hydrogenation [97-102], dehydrogenation 
[103-105], C–C coupling [106-112] and carbonylation [113-116]. However, relatively 
few reports exist on the use of carhon-supported palladium for oxidation reactions 
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using either oxygen or similar oxidants.  
An important exception is the selective oxidation of alcohols to aldehydes or 
ketones and of aldehydes to carboxylic acids in presence of metallic Pd and other 
platinum group metals on carbon supports [60, 61]. Especially useful is the highly 
selective oxidation of carbohydrates with oxygen or H2O2 catalyzed by Pd-Bi/C [118].  
 
 
Fig. 1-7. Air oxidation of glucose to gluconic acid 
 
 
Fig. 1-8. Oxidation of sodium lactate. 
 
An example is the conversion of glucose to gluconate (Fig.1-7) with a conversion 
of 99.6 % and selectivity of 99.8 % [60] and the oxidation of sodium lactate to 
pyruvic acid (Fig.1-8) [118]. These reactions occur at relatively low pressure and 
under mild conditions, and therefore have both environmental and economical 
benefits. To increase the long-term stability (reusability) as well as activity and 
selectivity, the catalyst must be promoted with a second metal such as Bi or Pb  
[59, 60]. It is believed that the second metal adatoms prevent oxygen poisoning of the 
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palladium surface by acting as a co-catalyst in the oxidative dehydrogenation 
mechanism [59, 60, 119, 120]. 
 
1.4 Application of phase transfer catalysis in fine chemical synthesis 
In organic reactions, difficulties are often encountered when the substrate is soluble in 
an organic solvent and the reagent in water. In this case, reaction will take place only 
at the interface, where these two solutions are in contact, resulting in a very slow 
reaction. 
Phase transfer catalysis (PTC) can be used to facilitate movement of a reactant 
from one phase to another. For example, in the absence of the phase transfer catalyst, 
ionic reactants are often soluble in an aqueous phase but insoluble in an organic phase. 
The catalyst functions like a detergent: by forming a complex with the salt, it can 
make the complex more lipophilic so that it can move into the organic phase. Phase 
transfer catalysts are known to accelerate reaction rates and minimize solvent waste, 
since the reactions tend to be heterogeneous. By using a PTC process, one can achieve 
faster reactions, obtain higher conversions or yields, make fewer byproducts, 
eliminate the need for expensive or dangerous solvents that will dissolve all the 
reactants in one phase, eliminate the need for expensive raw materials and/or 
minimize waste problems. Phase transfer catalysts are especially useful in green 
chemistry; by allowing the use of water, the need for organic solvents is reduced  
[121, 122]. 
Contrary to common perception, PTC is not limited to liquid systems with 
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hydrophilic and hydrophobic reactants. PTC is sometimes employed in liquid/solid 
and liquid/gas reactions. As the name implies, one or more of the reactants is 
transported into a second phase which contains both reactants [123]. 
 
1.4.1 Types of phase transfer catalysts 
Phase transfer catalysts are often quaternary ammonium and phosphonium salts. 
Typical catalysts include benzyltrimethylammonium chloride and 
hexadecyltributylphosphonium bromide [124]. Phosphonium salts are much more 
thermally stable than the corresponding ammonium or imidazolium salts, hence, they 
can be used for reactions above 100 °C. Furthermore, the absence of acidic protons in 
the phosphonium cation unlike the imidazolium cation means that carbene formation 
can be avoided [125]. 
 
1.4.2 Applications of phase transfer catalysts for Halex reaction 
The first aromatic fluorination reaction route which dates back to 1870 proceeds 
through aromatic diazo compounds [126]:  
ArH → ArNO2 → ArNH2 → ArN2
+
 → ArF 
The problem with this route is the decomposition of the diazonium intermediates 
hence new synthesis routes were sought for. The discovery of the halogen exchange 
(Halex) reaction in the synthesis of 2,4-dinitrofluorobenzene using potassium fluoride 
was a major breakthrough in the industrial process. It provided a more efficient route 
to the synthesis of fluorinated aromatic compounds and has since largely replaced the 
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diazonium methods [127].  
 
Fig. 1-9. Typical Halex reaction 
 
The Halex reaction is a nucleophilic aromatic substitution reaction of chlorine 
(most commonly), bromine or iodine by a fluorine atom. The substrate is commonly 
activated by an electron-withdrawing group Z in the ortho or para position, and the 
reaction often takes place in a polar aprotic solvent in the presence of a PTC. However, 
more reactive fluoride sources or catalytic systems can extend the range of substrates 
to even those that do not contain activating groups [128]. Fig. 1-9 shows a traditional 
typical way of describing a Halex reaction. 
Both inductive and mesomeric effects brought about by the electron-withdrawing 
activating group on the substrate affect the Halex reaction. Inductive effects are most 
prominent near the point of nucleophilic attack while mesomeric effects affect the 
ortho or para position. Mesomeric electron-withdrawing substituents are more 
activating than inductive ones, and the following order is observed [129]:  
NO2 > pyridinic N > CN > CF3 > COX (X= Hal, OR) > CHO ~ COR > Cln 
A mechanism of a Halex reaction using 4-chloro-nitrobenzene as an example is 
shown in Fig. 1-10 where a Meisenheimer intermediate is formed and can be 
stabilized by resonance if the attack is on the ortho or para position to the electron 





Fig. 1-10. Mechanism of Halex reaction for 4-chloro-nitrobenzene 
 
The fluoride source used for the Halex reaction is the nucleophilic fluorinating 
agent (Fig. 1-10). Potassium fluoride is widely used as it offers the best compromise 
between cost and reactivity [128, 129]. CsF has better solubility, but at a much higher 
cost. KF enjoys reasonable solubility in protic solvents by forming strong hydrogen 
bond between the H and the F
-
. However, the result of formation of such hydrogen 
bonds is that the charge and thus the nucleophilicity will be lowered. As such, Halex 
reactions are best carried out in polar aprotic solvent for the nucleophilicity to be 
higher, but the solubility component is sacrificed. The solubility of potassium fluoride 
in polar aprotic solvents is only at millimolar level [128, 130]. Commonly used polar 
aprotic solvents are dimethylsulfoxide (DMSO), tetramethylene sulfone or sulfolane, 
N,N-dimethylacetamide (DMAC), N-methylpyrolidinone (NMP) or benzonitrile [129]. 
As potassium fluoride is hygroscopic [131], it has to be thoroughly dried prior to 
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Halex reaction so as to prevent water from entering the system which would result in 
hydrogen bonding with the F
- 
and lowered nucleophilicity. However, it was reported 
that traces of water (0.2 - 0.3 % w/w) were actually beneficial to the Halex reaction as 
it can help to transport the fluoride anion from its solid surface into the bulk of the 
solution [130]. 
One of the most effective ways of improving the Halex reaction is via the use of 
a PTC as the reactants are in different phases. In the Halex reaction, we have a 
solid-liquid heterogeneous system where the substrate is soluble in the liquid phase 
but KF has a low solubility, and thus exists as a solid phase. In most phase transfer 
catalyzed reactions, the rate determining step corresponds to the interaction between 
the reactive substrate and the anionic species. Compared to non-catalyzed reaction, 
the presence of a phase transfer catalyst can greatly enhance the reaction and rate 
enhancements of 10
7
 are not uncommon [132]. 
 
1.4.3 Ionic liquids 
An ionic liquid (IL) is a salt in which the ions are poorly coordinated, which results in 
these solvents being liquid below 100 °C, or even at room temperature. Since the first 
ionic liquid - ethanolammonium nitrate (m.p. 52–55 °C) was reported in 1888 by 
Gabriel and Weiner [133], ILs have been widely researched and improved to have 
many important applications, such as powerful solvents and as electrically conducting 
fluids (electrolytes).  
Ionic liquids have intrinsically useful properties such as high ionic conductivity, 
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thermal stability (over 300 ºC), negligible vapour pressure and a large electrochemical 
window. Depending on the anion and substituent groups of the cation, these 
compounds can solubilize alcohols, alkyl halides, carbonyl compounds, supercritical 
CO2 and also transition metal complexes. Simultaneously, they present a low 
miscibility in alkanes, dialkyl ethers and water. 
The majority of ionic liquids research done so far has made use of a small group 
of salts [134, 135]. By and large, these are quaternary ammonium, phosphonium, 
imidazolium, or pyridinium cations with large, charge-diffuse inorganic counterions 
(Fig. 1-11). In these salts, the cation core has appended to it one or more organic 
groups. Typically, these groups are saturated hydrocarbon fragments. A number of 
reviews on the chemistry of these ‘‘conventional’’ ionic liquids are available [134]. 
 
Fig. 1-11. Common cations and anions of ionic liquids. 
 
In recent years, the use of ionic liquids as a solvent for a wide range of organic 
and inorganic materials and as a phase transfer catalyst has attracted considerable 
interest [125, 130, 136-139]. Compared with ammonium and imidazolium salts, 
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phosphonium salts have higher themal stability. The benefits of phosphonium 
salt-based ionic liquids include： 
(1) compatibility with strongly alkaline solutes such as Grignard reagents and BH3, 
absence of acidic protons and inertness in most systems; 
(2) tunable cation can be modified to alter physical properties such as miscibility and 
freezing point; and 
(3) stabilizing effect on palladium catalysts and can be effective media for Heck and 
Suzuki reactions.  
 
1.5 Aims of the present study  
The thesis will focus on synthesizing a few important fine chemicals and rare sugars 
using heterogeneous green catalytic routes. Chapter 3 of the thesis involves the 
synthesis of industrially valuable flavanones and jasminaldehyde using modified 
magnesium oxide catalysts. The replacement of commonly used homogeneous bases 
with solid bases constitutes a green and sustainable route in the production of 
flavanones and jasminaldehyde. Chapter 4 of the thesis focuses on using 
commercially available phosphonium ionic liquids as high thermally stable phase 
transfer catalyst to synthesize the pharmaceutical and agrochemical important 
fluoroaromatics by Halex reaction. This should enable the synthetic method to be 
economically and environmentally favourable. In Chapter 5, the catalytic oxidation of 
D-sugars to their lactones is investigated. The oxidation of of aldoses to lactones 
typically involves toxic and corrosive bromine. The development of a green catalytic 
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oxidation method using molecular oxygen and Pd-Bi/C catalyst was investigated. 
Furthermore, a simple and efficient route for the synthesis of rare sugars, L-lyxose 
and L-ribose, starting from lactones was achieved. In addition, the synthesis of 
hydroxy-pyrrolidines from D-sugars using commercial zeolite catalysts is reported in 
Chapter 6. Throughout the research process, many of the principles of green 
chemistry such as avoiding toxic or noxious chemicals, recycling and reusing the 
reagents were incorporated into the synthetic routes. 
The results of this present study have significance in providing practical green 
routes for the synthesis of a few valuable fine chemicals and rare sugars. The relation 
between the chemical and physical properties of heterogeneous catalysts and their 
catalytic activities in the different reactions are investigated. 
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Chapter 2  
Experimental  
 
This chapter will briefly discuss the main instruments and characterization techniques 
used in this thesis.   
 
2.1 Chromatography  
Chromatography is the general name for separation technology whereby components 
in a mixture are separated through continuous repetition of concentration equilibration. 
This equilibration is caused by phenomena called adsorption and partitioning after a 
sample is introduced between two phases, a stationary phase and a mobile phase. In 
the thesis, gas chromatography (GC) and high performance liquid chromatography 
(HPLC) were mainly used to analyze the reaction mixtures. Based on these results, the 
conversion, selectivity and yield were calculated as follows: 
  
%100
reactant  initial  of  moles




products    totalof  moles





The reported results are based on an average of three measurements.  
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2.1.1 Gas chromatography 
When a gas is used as the mobile phase, the chromatography technology is called gas 
chromatography (GC). In gas chromatography, the carrier gas (or "mobile phase") is 
usually an inert gas such as helium or an unreactive gas such as nitrogen. The 
stationary phase is a microscopic layer of liquid or polymer on an inert solid support, 
inside a piece of glass or metal tubing called a column.  
 
Fig. 2-1. Principles of gas chromatography 
 
As shown in Fig. 2-1, mobile phase is constantly passed through a separation 
column. The sample mixture is injected and instantaneously vaporized at the column 
inlet. The vaporized sample is then carried through the column by the carrier gas. 
While passing through the column, each component in the sample is adsorbed or 
partitioned to the stationary phase according to its characteristic concentration ratio. 
Concentration equilibration therefore occurs repeatedly between the solid, stationary 
phase and the mobile phase. As a result, the level of adsorption or partition for each 
component causes differences in its rate of movement within the column. The 
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components therefore elute separately from the column outlet. 
 
  
Fig. 2-2. Schematic of a gas chromatograph 
 
The instrument for performing gas chromatography is called the gas 
chromatograph. The basic structure of a gas chromatograph is shown in Fig. 2-2, The 
figure shows the flow line structure for packed column analysis. The carrier gas is 
provided at a reduced pressure of 6 ~ 10 kg/cm
2
 from a gas cylinder connected to the 
instrument. Precise control is then done to obtain the required flow rate. The carrier 
gas passes through the sample injection port, column, and detector before finally 
being purged to the outside. The sample injection port, column, and detector are each 
held within independent isothermal ovens and various temperatures are maintained for 
each part depending on the sample being analyzed. When a liquid sample is 
introduced into the sample port, it is vaporized and carried by the carrier gas into the 
column where it is separated into the different components. A detector is then used to 
detect the various eluting components. 
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 A flame ionization detector (FID) is commonly used for detecting organic 
compounds. The detected species are oxidized carbon atoms in the ion form.
 
In 
organic species that already have oxidized carbons due to the presence of oxygen, a 
weaker signal is given when the sample enters the detector because the oxidized 
carbons are not ionized as effectively as compounds that are solely of carbon and 
hydrogen. Therefore, the calculation of FID response factor involves the use of the  
“effective carbon number” or ECN (Table 2-1). 
 





Atom Type Effective carbon number contribution 
C Aliphatic 1.0 
C Aromatic 1.0 
C Olefinic 0.95 
C Acetylenic 1.3 
C Nitrile 0.3 
O Ether -1.0 
O Primary alcohol -0.6 
O Secondary alcohol -0.75 
O Tertiary alcohol, esters -0.25 
Cl Two or more on aliphatic C -0.12 each 
Cl On olefinic C +0.05 
N In amines Similar to O in alcohols 
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2.1.2 High-performance liquid chromatography 
High performance liquid chromatography, HPLC, is another chromatographic 
technique used to separate a mixture of compounds in analytical chemistry and 
biochemistry with the purpose of identifying, quantifying and purifying the individual 
components of the mixture. The basic working mechanism of HPLC actually is very 
similar as GC, but using liquid solvent as the mobile phase (Fig. 2-3). 
 
 
Fig. 2-3. Schematic of a high-performance liquid chromatography  
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A HPLC separation column is filled with solid particles (e.g. silica, polymers, or 
sorbents) and the sample mixture is separated into compounds as it interacts with the 
column particles. The separation is influenced by the pressure and temperature of the 
solvent, chemical interactions such as hydrophobicity or protonation between the 
sample mixture and the solvent and chemical interactions between the sample mixture 
and the solid particles packed inside of the separation column, e.g., ligand affinity, ion 
exchange, etc.  
A UV-visible detector is commonly used to detect the UV absorption of various 
eluting components at the wavelength of 200 nm. The concentration of the different 
components in reaction mixture can be determined from calibration curves. 
 
2.2 X-Ray powder diffraction 
Powder X-ray diffraction (XRD) is used to identify bulk phases, to monitor the 
kinetics of bulk transformations and to estimate particle sizes. X-Ray diffraction is 
based on the interaction of the incident rays with a sample to produce constructive 
interference. Bragg’s law relates the wavelength of the electromagnetic radiation to 
the diffraction angle and the lattice spacing in a crystalline sample: 
 sin2dn   
where λ is the wavelength of the x-rays, d is the distance between the lattice planes, θ 
is the angle between the incoming x-rays and the normal to the reflecting lattice plane 
and n is the integer known as the order of reflection. The crystal structure and the 
lattice parameters can be calculated from the d-spacing. Each crystalline solid has its 
  42 
unique characteristic x-ray diffraction pattern that may be used as a fingerprint for its 
identification.  
Powder diffractometers come in two basic configurations: θ-θ in which the x-ray 
tube and the detector move simultaneously or a θ-2θ setup in which the x-ray tube is 
fixed, and the specimen moves at half the rate of the detector to maintain a θ-2θ 
geometry. In this study, XRD measurements were made using a Siemens 5005 
diffractometer which is a θ-θ system. The diffractometer is equipped with a Cu anode 
and variable primary and secondary beam slits. The Cu anode was operated at 40 kV 
and 40 mA and the measured area was kept constant at 20 x 20 mm. The sample was 
ground into fine powder and pressed tightly on the sample holder to have a smooth 
flat surface. A typical setup for the XRD measurement of magnesium oxide is as 
follows: 2θ range from 15°-100° with a step size of 0.02° and a dwell time of 1s/step. 
For carbon-supported palladium-bismuth samples, the diffractograms were measured 
from 2θ of 5o to 120o, using a step size of 0.02o and a dwell time of 1s/step. 





D  ， 22 bB   
where, K is a constant taken as 0.9, θ is the angle between the X-ray beam and the 
normal on the reflecting plane, λ is the wavelength of Cu Kα=0.15418 nm, β is the 
peak line width. The peak line width β is corrected for the instrumental broadening, 
where B is the measured peak width and b is the instrumental broadening. Diffraction 
data from standard silicon (Si) powder was used to measure the instrumental 
broadening. The silicon (111) reflection at 2θ ~26.77o was considered and the 
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instrumental broadening b was determined to be 1.413 × 10
-3
 rad. A smaller step size 
of 0.004° was used when the crystallite size was to be determined. Curve fitting was 
carried out using the Topas software. 
 
2.3 BET surface area and porosity measurement 
The N2 adsorption technique is used to measure the specific surface area, pore volume 
and pore size distribution of powdered solid materials. In 1930’s, Brunauer, Emmett 
and Teller (BET) extended Langmuir’s theory of monolayer adsorption to multilayer 
adsorption. The BET theory assumes that the uppermost molecules in the adsorbed 
stacks are in dynamic equilibrium with the vapor. This means that where the surface is 
covered with only one layer of adsorbate, an equilibrium exists between that layer and 
the vapor; where two layers are adsorbed, the upper layer is in equilibrium with the 
vapor, and so forth. Also, it assumes that there is no interaction “horizontally” 

















where, V is the volume of gas adsorbed at pressure P, P
o
 is the vapor pressure of the 
gas at temperature T; Vm is the volume of the gas adsorbed when the adsorbent 
surface is covered with one (hypothetical) monolayer. The constant C is related to the 
heat of adsorption. A plot of 1/V[(P/P0)-1] versus P/ P0 is usually a straight line in the 
range 0.05 ≤ P/P0 ≤ 0.35. Thus Vm can be determined by solving the slope and 
intercept, and the total surface area can be calculated from the equation, 






S   
where, Ax is the cross sectional adsorbate area (for nitrogen Ax = 16.2 Å
2
) [3], Vn is 
the molar volume of adsorbate gas, NA is the Avogadro’s number. The specific 
surface area can be determined by dividing St by the sample weight. Nitrogen is 
usually employed as the adsorbate, although argon or xenon can be used to measure 
samples with low surface areas. 
Prior to the measurements, enough of the sample to give a surface area of  
1 to 10 m
2
 was degassed under a N2 flow at 300 ºC for 4 h to remove any adsorbed 
moisture. The dry sample weight was recorded, and the sample was transferred to the 
analysis port of the instrument. The dry sample is cooled to a temperature of 77 K and 
nitrogen gas will be physically adsorbed at the surface of the sample. The total pore 
volume is taken at P/P0 of 0.99. The adsorption-desorption isotherms for the solid 
samples are automatically measured with a Micromeritics Tristar. The surface area is 
calculated according to the Brunauer-Emmett-Teller (BET) theory while the 
Barrett-Joyner-Jalenda (BJH) method is used to obtain the pore size distribution. The 
micropore surface area and micropore volume are estimated by the t-plot method.  
 
2.4 Temperature programmed desorption 
Temperature-Programmed Desorption (TPD) of CO2 is one of the most widely used 
and flexible techniques for characterizing the quantity and strength of base sites on 
solid surfaces.  
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Fig. 2-4. Schematic diagram of temperature programmed desorption equipment 
[V1-V4 fine metering valves, G1, G2 - pressure gauges, TC1, TC2 - thermocouples, 
TP - temperature controller, QMS - mass spectrometer, S-sample]. 
 
The TPD setup is shown in Fig. 2-4. For determining the quantity and strength of 
base sites on magnesium oxide, the sample was first pretreated at the desired 
temperature for 2 h in a flow of helium (50 ml min
-1
) to remove any adsorbed 
moisture. After cooling to 150 ºC in He, the sample was exposed to a flow of CO2 for 
15 minutes. The sample was flushed with helium for another 2 h to remove any 
weakly adsorbed CO2. Then CO2-TPD was performed by heating the sample under a 
flow of helium at 10 ºC/min to 700 ºC. The desorbed CO2 was monitored by a 
quadrupole mass spectrometer (Balzers Prisma 200). For quantitative analysis, the 
area under the CO2 signal was integrated. To quantify the area, CO2 pulses were 
injected into an empty sample tube using a 250 μl sample loop and the area of the 
peaks were measured.  
The desorption of adsorbed benzaldehyde on MgO samples was investigated 
using a Mettler STARe thermogravimetric analyzer coupled to a Balzers Thermostar 
mass spectrometer. Typically, 50 mg of the sample was taken in an alumina pan with 
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the empty alumina pan for reference. The sample was kept at 30 ºC in a flow of N2 
(50 ml min
-1
) until its weight was stable before ramping up the temperature at 10 ºC 
min
-1 
to 700 ºC. The sample weight was recorded as a function of time and 
temperature. The desorbed benzaldehyde was analyzed using a mass spectrometer 
(Thermostar). 
 
2.5 Infrared spectroscopy 
Infrared (IR) spectroscopy is one of the most common spectroscopic techniques used 
by organic and inorganic chemists. In this technique, the absorption of different IR 
frequencies by a sample positioned in the path of an IR beam is measured. The IR 
absorption is characteristic for certain vibration transitions in the molecule. In a 
routine IR spectroscopic analysis, the chemical functional groups in the sample are 
identified from their characteristic vibrations. IR spectroscopy is an important and 
popular tool for structural elucidation and compound identification. 
Infrared spectra of the framework vibrations (4000 - 400 cm
-1
) were measured 
with a Bio-Rad FTS 165 FT-IR spectrometer using the potassium bromide (KBr) 
pellet technique. A sample concentration of 2 wt. % in KBr was typically used. 
 
2.6 X-Ray photoelectron spectroscopy 
The photoelectric effect, first discovered by Albert Einstein in 1905, is the principle 
behind X-ray photoelectron spectroscopy. The development of XPS as an analytical 
method was due to Swedish physicist Kai Siegbahn (1950). In XPS, the sample is 
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irradiated with low energy X-rays. Upon absorption of a photon of energy hν, a core 
electron with a binding energy Eb is ejected with kinetic energy Ek [4]. 
Ek = hν – Eb – φ 
where φ is the work function of the spectrometer. Aluminium (hν = 1486.6 eV) or 
magnesium (hν = 1253.6 eV) anode are typically used as the X-ray source. The XPS 
technique is highly surface specific due to the short mean free path of the 
photoelectrons. The principle advantages of XPS are that it identifies the elemental 
composition of the sample surface and it gives some indication of the chemical state 
of these elements. The binding energy of the peaks is characteristic of each element. 
In this thesis, VG Escalab MkII spectrometer was used with Mg anode 
(1253.6eV, 300 W). The peak fitting was done using XPSPEAK software. For 
calculating the Pd/Bi ratio, the binding energies are referenced to the carbon 1 s peak 
of CH at 284.6 eV. The peak areas were determined after peak fitting and normalized 
with the manufacturer’s atomic sensitivity factors (Pd (3d) = 4.6 and Bi (4f) = 7.4) for 
the different elements.  
 
2.7 Scanning electron microscope 
The scanning electron microscope (SEM) is a type of electron microscope capable of 
producing high resolution images of a sample surface [5]. Due to the manner in which 
the image is created, SEM images have a characteristic three-dimensional appearance 
and are useful for judging the surface structure of the sample. In the scanning electron 
microscope, a beam of electrons is generated in a vacuum. This beam is collimated by 
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electromagnetic condenser lenses, focused by an objective lens, and scanned across 
the surface of the sample by electromagnetic deflection coils. The primary imaging 
method is by collecting secondary electrons that are released by the sample. These 
secondary electrons are detected by a scintillation material that produces a flash of 
light for each electron. The light flashes are then detected and amplified by a 
photomultiplier tube. By correlating the sample scan position with the resulting signal, 
an image can be formed. The illumination and shadowing shows a quite natural 
looking surface topography. Scanning electron microscopy normally has a resolution 
of a few nm. Sample charging can be reduced by using relatively low electron 
energies. 
In this study, the SEM was used to study the topography and morphology of the 
MgO samples. The SEM images were obtained on a JEOL JSM-5200 microscope 
using 15 kV electron beam. 
 
2.8 Nuclear magnetic resonance 
NMR (Nuclear Magnetic Resonance) is a powerful and theoretically complex 
analytical tool which is commonly used to analyze the chemical structure of a 
compound by studying the interaction of the nuclear spin magnetic moments. When 
nuclei of certain atoms are immersed in a static magnetic field, the energy levels of 
the two discrete levels - spin parallel and anti-parallel to the applied magnetic field  - 
become different, and transitions between the levels can be affected by exposure to a 
second oscillating magnetic field. Only nuclides with odd number of proton and/or 
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neutron can be used in NMR study since they have non-zero magnetic spin [6]. In 
contrast, the total spin magnetic moment for nuclides with even number of both 





NMR were used for characterization of the synthesized organic compounds. A Bruker 
AMX300 spectrometer was used in the experiments. Deuterated chloroform (CDCl3, 
δ(1H): 7.26 ppm, δ(13C): 77.00), dimethylsulfoxide (DMSO-d6, δ(1H): 2.50 ppm, 
δ(13C): 39.51), deuterated methanol (MeOD, , δ(1H): 3.31 ppm, δ(13C): 49) and 
deuterated water (D2O δ(
1
H): 4.79 ppm) were used as solvents.  
In 
1
H NMR, different protons in a molecule resonate at slightly different 
frequencies because of the different local chemical environment. The frequency shift 
of the different protons is measured relative to a standard reference resonance 
frequency (tetramethylsilane (TMS) is commonly used). The shift is expressed as a 
dimensionless value known as chemical shift. The chemical shift (δ) is expressed in 
parts per million (ppm) since it is calculated as δ = frequency difference between the 
two nuclei (hertz)/operating frequency of the magnet (megahertz). By studying the 
chemical shifts of the different protons and the peak areas of the different type of the 
protons, it is possible to translate the information to confirm the molecular structure of 
that organic compound. Besides the chemical shifts, important information describing 
the structure of an organic compound is also derived from the spin-spin coupling. 
Spin-spin coupling occurs due to the fact that the nuclei themselves are magnets 
which can influence each other when they are near to each other. Typically, the 
spin-spin coupling effect can be observed for protons which are separated three bonds 
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away. Scalar splitting follows the (n+1) rule, in which n is the number of proton (in a 
different chemical environment) which are separated by three bonds. Fig. 2-5 shows 
an example of scalar splitting. The frequency difference between the peaks is known 
as coupling constant (J). The coupling constant usually given in the unit of Hertz (Hz), 
and is independent of the applied magnetic field.  
The peak size ratio of HA which is split by n number of HB can be calculated 
according to Pascal’s triangle which is shown in Fig. 2-6. The splitting pattern can be 
complicated when the peak is split by protons with different chemical environment. If 
HA is split by two protons (HB and HC) in a different chemical environment, this will 
give a doublet of doublets as the splitting pattern instead of a triplet, where scalar 
splitting follows the (n+1)
2
 rule, in which n is the number of proton (in a different 
chemical environment). Fig. 2-7 shows two examples of such splitting pattern in the 
presence of more than one type of chemically equivalent protons. 
 
Fig. 2-5: (n+1) Splitting pattern for HA in the presence of different (n) number of HB. 
(A) doublet, (n=1); (B) triplet, (n=2), (C) quartet, (n=3). The arrow shows the 
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     1      
    1  1     
   1  2  1    
  1  3  3  1   
 1  4  6  4  1  
1  5  10  10  5  1 
 
                 Fig. 2-6. Pascal’s Triangle 
 
Fig. 2-7. Splitting pattern of HA in the presence of more than one type of 
neighbouring protons (HB and HC), (A) doublet of doublets, (B) doublet of triplets. 
 
The splitting pattern of a proton peak provides useful information of the 
chemical structure of a compound and it helps in peak assignment for the proton. The 
intensities of the 
1
H NMR can also be used for a quantitative study. The peak area is 
directly proportional to the number of protons in the molecule. For bigger molecules, 
overlapping of the peaks in the 
1
H NMR is frequently encountered. In this case, 13C 
NMR can be used to further confirm the chemical structure.  
13
C NMR is less sensitive compared to 
1
H NMR due to the fact that only the 
13
C 
isotope (1.1% abundance) can be detected in NMR and not the more abundant 
12
C 
isotope [7]. Because of the low abundance of the isotope, a splitting pattern between 
13
C is generally not observed. In routine application, 
13
C NMR spectra are always 
proton decoupled to remove the splitting between the proton and carbon which would 
further reduce the sensitivity of the technique. In this way, 
13
C gives only one signal 
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Chapter 3 
Magnesium oxide as a solid base catalyst for fine chemicals synthesis 
 
3.1 Introduction 
Magnesium oxide is recognized and widely used as a solid base catalyst and support 
for a variety of reactions. Catalytic interest lies largely in its basic surface character. 
As a result of extensive electron transfer from magnesium to oxygen upon MgO 
formation, the electron rich-oxygen anions on MgO surfaces act as strong basic, 
electron-donating sites, while the electron deficient magnesium cations act as weak 
acid, electron-accepting sites [1]. A number of catalytic reactions over MgO, 
including isomerization of alkenes, alkynes, and unsaturated compounds containing 
heteroatoms, amination and hydrogenation of alkenes and conjugated dienes, 
hydrogenation of CO, and decomposition of alcohols, amines, and esters [2] all 
involve heterolytic dissociation of molecules via an acid-base interaction on the 
catalyst surface.  
An intriguing aspect of the basic properties of MgO arises from its surface 




 can have different coordination 
numbers. On extended surfaces of (100) face, 5-coordination sites are present, on edge 
between (100) faces, 4-coordination sites exist while at corners or kinks sites, only 
3-coordination sites are present. Sites of lower coordination have been reported to 
exhibit stronger basicity, and are thus capable of reacting with weaker acids [3].  
Generally, MgO catalysts are obtained via calcination of the various precursors 
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[4-10]. The most conventional method used to prepare MgO is based on the 
decomposition of magnesium salts and Mg(OH)2 (brucite). Therefore, the 
decomposition mechanism of brucite to form MgO has been extensively studied 
[11-13]. When Mg(OH)2 (brucite) is calcined, varying the water removal rate will 
produce MgO with different crystallite size. During the calcination, the Mg and O 
atoms move considerably to new lattice positions, resulting in breakage of the 
crystallites [14]. Because the atomic rearrangements take place in solid state, only 
toptactic transformation mode can occur where the macroscopic shape remains, but 
internally, the atoms rearrange into a new structure. Since this movement is coherent 
only over short distances, an agglomeration of small crystallites of the new phase is 
finally obtained. In contrast, the thermal decomposition of low melting point 
magnesium salts means that the transformation will take place in the liquid state 
where atomic rearrangements are easier than that in the solid state. Therefore, the 
movement of the Mg and O atomic rearrangements is coherent over longer distances, 
resulting in big crystals. 
It is known that the relative populations of different Lewis basic sites in MgO 
can be tuned by changing its crystallite size. In this chapter, the chemical and physical 
properties of synthesized MgO were investigated. MgO was modified by 
hydrothermal and thermal treatment, resulting in different crystallite sizes. 
Additionally, in our group, it was found that smal crystallites of zirconium hydroxide 
and mesoporous Zr-SBA-15 were formed following a simple treatment with H2O2. 
Therefore, H2O2 was also used to modify MgO which gave an acid-base bifunctional 




3.2.1 Synthesis of catalysts 
All chemical reagents and solvents were purchased from Merck and used without 
further purification. Three groups of magnesium oxide catalysts were prepared using 
different preparation methods: 
Group 1: magnesium oxide with high surface area was prepared as follows: 
commercial MgO (Merck) was suspended in distilled water and the suspension was 
refluxed overnight. The resulting Mg(OH)2 was dried and calcined at different 
temperatures for 2 h in air to obtain MgO with different surface areas and phase 
composition. The samples are coded as MgO-T where T is the calcination temperature 
in ºC. The sample MgO-NO3-500 with low surface area was prepared by thermal 
decomposition of commercial Mg(NO3)2 (Merck) at 500 ºC for 2 h in air. 
Group 2: different from the Group 1 samples, Group 2 MgO were synthesized by 
calcination of different MgO precursors at 500 
o
C for a longer time (12 h). The sample 
MgO-NO3 was prepared by thermal decomposition of commercial Mg(NO3)2 (Merck) 
at 500 ºC for 12 h in air. The sample MgO-com-500 was prepared by calcining 
commercial MgO (Merck) at 500 ºC for 12 h in air. The sample MgO-refl-500 was 
prepared by refluxing a suspension of 2 g of commercial MgO (Merck) in 40 ml 
deionized water overnight, followed by drying and calcining the resulting Mg(OH)2 at 
500 ºC for 12 h in air. 
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Group 3: the H2O2-treated MgO catalyst was prepared as follows: 0.5 g commercial 
MgO was suspended in 20 ml H2O2 solution (20 wt %) and the suspension was stirred 
overnight at 40 ºC. The mixture was filtered and the residue was dried in an oven  
(100 ºC) overnight before calcining in air for 2 h at different temperatures. The 
samples are designated MgO-com-H2O2-T where T stands for the calcination 
temperature. The same H2O2 treatment was also applied on MgO-NO3 and obtained 
samples are designated MgO-NO3-H2O2-T where T stands for the calcination 
temperature. 
 
3.2.2 Catalyst characterization  
N2 adsorption–desorption isotherms were measured with a Micromeritics Tristar 3000 
at liquid nitrogen temperature. Before the measurements, the samples were degassed 
at 300 ºC for 4 h. The specific surface areas were evaluated with the 
Brunauer–Emmett–Teller (BET) method. Pore size distribution curves were calculated 
from the desorption branch of the isotherms with the Barrett–Joyner–Halenda (BJH) 
method, and pore sizes were obtained from the peak positions of the distribution 
curves. The total pore volume was taken at P/P
o 
of 0.99. The crystalline structure and 
phase of the synthesized catalyst were determined by powder X-ray diffractometry 
(Siemens D5005,Cu K), using a scanning range 2 from 5o to 100o, a step size of 
0.02
o
 and a dwell time of 1 s/step. 
Carbon dioxide temperature programmed desorption (CO2-TPD) of the samples 
was carried out in the flow-type fixed-bed reactor described in section 2.4 at ambient 
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pressure. The catalyst was pretreated in flow 50 ml/min helium at a temperature 
between 300 to 500 ºC for 2 h before cooling down to 150 ºC. CO2 was introduced for 
15 min, following which the sample was flushed in helium for another 2 h to desorb 
any physically adsorbed CO2. The temperature was then increased at 10 ºC/min to  
700 ºC, and the desorption of CO2 was monitored with a Balzers Prisma quadrupole 
mass spectrometer.   
Ammonia TPD was carried out similarly with the samples pretreated at 300, 400, 
500 and 600 ºC. The sample was exposed to ammonia at 150 ºC for 15 min, flushed 
with helium for 2 h, before increasing the temperature to the pretreatment temperature 
at 10 C/min. The desorption of NH3 was monitored with Balzers Prisma quadrupole 
mass spectrometer. SEM micrographs were obtained on a JEOL JSM-5200 
microscope using 15 kV electron beam. Particle size was measured using a Malvern 
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3.2.3 N2 sorption and X-ray diffraction 




































































Fig. 3-1. (a) Nitrogen adsorption–desorption isotherms and (b) BJH pore size 
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The N2 adsorption–desorption isotherms of the group 1 MgO catalysts are shown in 
Fig. 3-1. The isotherms of the refluxed MgO samples showed higher nitrogen 
adsorption than the unrefluxed samples. The isotherms of the refluxed samples 
showed hysteresis above P/P
o
 of 0.5, indicating the presence of mesopores as seen in 
the BJH pore size distributions (Fig. 3-1, b). The calcination temperature affected the 
pore size distribution of the refluxed MgO samples. The distribution of pore sizes 
widened with higher calcination temperature. For the refluxed MgO calcined at  
300 C for 2 h, the range of pores was rather narrow, from 3.0 to 3.8 nm. However, 
after calcination at 450 C and 500 C, the pores from 1.8 to ~ 5.0 nm were formed. 
Following calcination at 600 C, the pores widened further to 1.8 to 6.5 nm with the 
mean pore diameter at ~ 4.8 nm. For the MgO-NO3-500 sample, the mesopores were 
between 2.7 to 3.7, in a similar range as that of refluxed MgO calcined at 300 C. 
 
Table 3-1. Textural properties of Group 1 MgO catalysts 
Sample Surf. 
area 








/g) Mg(OH)2 MgO  
MgO-300
 








233 0.64 5.3 8.2 
MgO-500 186 0.55 4.9 8.6 
MgO-600
 
108 0.48 6.2 12 
MgO-NO3-500
 
11.5 0.02 - 76 
MgO-com
b
 40.7 0.20 - 30 
a
Peak intensity of MgO (200)/Mg(OH)2 (101) 
b
Commercial MgO without treatment 
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Table 3-1 shows the textural properties of the group 1 MgO samples. The 
commercial MgO (Merck) has a surface area of 40.7 m
2
/g and a total pore volume of 
0.20 cm
3
/g. After refluxing, the samples had higher surface area and pore volume. The 
sample calcined at 450 ºC showed the highest surface area, 233 m
2
/g, with a pore 
volume of 0.64 cm
3
/g. However, the porosity and surface area decreased after 
calcination to 500 C and higher. Compared to the refluxed MgO samples, 
MgO-NO3-500 has only a small surface area of 11.5 m
2

















































Fig. 3-2. XRD spectra of Group 1 MgO catalysts: (a) commercial Mg(OH)2  
(b) MgO-300 (c) MgO-450 (d) MgO-500 (e) MgO-600 (f) MgO-NO3-500 and  
(g) MgO-com. 
Mg(OH)2 (brucite, JCPDS 00-007-0239)(●); 
MgO phase (periclas, JCPDS 00-004-0829) (*). 
 
The powder x-ray diffractograms show that MgO transformed completely into a 
Mg(OH)2 phase (JCPDS 00-007-0239) during the treatment in boiling water. This 
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hydroxide phase persisted despite calcination for 2 h at 300 ºC. The crystalline size 
was ~ 15 nm (Table 3-1). After calcination at 450 C, the sample transformed partly to 
MgO with rather small crystallites of 8.2 nm. The remaining crystallites of Mg(OH)2 
were smaller, ~ 5.3 nm. Some Mg(OH)2 phase was observed even after calcination for 
2 h at 600 C. With higher calcination temperature, the crystallites of MgO increased 
in size. In contrast, the sample prepared from Mg(NO3)2·6H2O formed the MgO phase 
already after calcination at a lower temperature of 500 C. The sharp reflexes showed 
that the sample was very crystalline and the average crystalline size was ~ 76 nm. In 
comparison, although the commercial MgO had sharp reflexes of high intensity, the 
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3.2.3.2 BET and XRD results of Group 2 MgO catalysts 
 
Fig. 3-3. Adsorption/desorption isotherms and pore size distribution of Group 2 MgO 
catalysts.   
 
The nitrogen adsorption-desorption isotherms of the group 2 MgO samples are given 
in Fig. 3-3. Different from group 1 MgO samples, the group 2 samples had been 
subjected to a longer calcination time of 12 h at 500 C. The isotherms of MgO-NO3 
sample show very low nitrogen adsorption (Fig. 3-3a). It has a total pore volume of 
0.05 cm
3
/g with a surface area of 13.4 m
2
/g (Table 3.2). A hysteresis loop from P/P
o
 of 
0.5 to ~ 0.9 indicates the presence of mesopores between 2.0 to 6.0 nm (Fig. 3.3b). 
The MgO-com-500 sample had pores of larger sizes up to 100 nm. The sample has a 
total pore volume of 0.17 cm
3
/g and a surface area of 29.7 m
2
/g. After refluxing the 
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sample in deionized H2O and calcining at 500 ºC for 12 h, the surface area increased 
significantly to 154 m
2
/g. The material also became more porous with a wide 
distribution of pore sizes (Fig. 3.3d). Compared with refluxed MgO-500 calcined for 





Table 3-2. Surface area and pore volume of Group 2 MgO catalysts 












MgO-NO3 13.4 0.05 50 
MgO-com-500 29.7 0.17 32 
MgO-refl-500 154 0.71 9.6 
a

































Fig. 3-4. X-ray diffractograms of Group 2 MgO catalysts: (a) MgO-refl-500  
(b) MgO-com-500 and (c) MgO-NO3.  
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Powder X-ray diffractograms show that the group 2 samples have the periclase 
crystal structure of MgO (JCPDS 00-045-0946). The high intensity of the reflexes for 
MgO-com-500 and MgO-NO3 indicates the crystalline nature of these samples with 
the average crystallite size of 32 and 50 nm, respectively. In comparison, 
MgO-refl-500 was of lower crystallinity and the crystallite size was smaller, 9.6 nm. 
The XRD pattern of MgO-refl-500 shows its MgO single phase composition. No 
Mg(OH)2 was detected indicating that a longer calcination time of 12 h was necessary 
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Fig. 3-5. Adsorption/desorption isotherms and pore size distribution of Group 3 MgO 
catalysts: (a) MgO-com with and without H2O2 treatment (b) MgO-NO3 with and 
without H2O2 treatment and (c) MgO-NO3-H2O2 with different calcination 
temperature. 
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Table 3-3. Surface area and pore volume of Group 3 MgO samples  








Crystallite size  
(nm) 
uncalcined MgO-com 40.7 0.20 30 
MgO-com-300
a
 27.2 0.13 35 
MgO-com-H2O2-300 274 0.32 — 
MgO-NO3  13.4 0.05 50 
MgO-NO3-H2O2-300  166 0.14 24 
MgO-NO3-H2O2-400 131 0.14 43 
MgO-NO3-H2O2-500 103 0.14 52 
a
MgO-com-300 was synthesized by calcining commercial MgO at 300 
o
C for 12 h 
 
After H2O2 treatment, the commercial MgO showed higher nitrogen adsorption. 
From the pore size distribution curve, pores up to ~ 4.0 nm were formed (Fig.3-5a). 
The surface area increased from 27.2 in MgO-com-300 to 274 m
2
/g in the 
H2O2-treated sample (Table 3-3). A similar increase in the surface area (13.4 to     
166 m
2
/g) and pore volume (0.05 to 0.14 cm
3
/g) was observed for MgO-NO3 after 
H2O2 treatment. The nitrogen adsorption isotherms showed that the pores were below 
6 nm with a rather narrow distribution between 3 to 4.5 nm. Even after calcining the 
MgO-NO3-H2O2 samples to 400 C and 500 C, the surface area and pore volume 
remained high.  





































Fig. 3-6. X-ray diffractograms of Group 3 MgO catalysts: (a) MgO-NO3  
(b) MgO-NO3-H2O2-300 (c) uncalcined MgO-com (d) MgO-com-300 and  
(e) MgO-com-H2O2-300 
 
Both the uncalcined and the 2-h 300 C-calcined commercial MgO were 
crystalline with the periclase crystal structure (JCPDS 00-045-0946) (Fig. 3-6). After 
H2O2 treatment, the MgO-com-H2O2-300 had very low intensity and broad reflexes, 
indicating the presence of very small crystallites or loss of long-range order. The 
MgO-NO3-H2O2-300 sample also became less crystalline after the treatment. The 
crystallite size decreased from 50 to 25 nm (Table 3-3). Those results suggest that 
H2O2 caused the crystallites to break down to smaller particles, resulting in higher 
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3.2.4 CO2-TPD 




























Fig. 3-7. CO2-TPD of Group 1 MgO catalysts. Signal normalized to 1 g 
 
Table 3-4. Density of basic sites of Group 1 MgO catalysts from CO2-TPD 
Sample CO2 desorbed 
 mol/g mol/m2 
MgO-300 - - 
MgO-450 185 0.79 
MgO-500 155 0.83 
MgO-600 126 1.2 
MgO-NO3-500 46 4.0 
MgO-com 76 1.9 
 
From the TPD profiles of group 1 MgO catalysts, the desorption of CO2 occurred 
from ~ 160 ºC to 500 ºC. The commercial MgO showed a maximum in the desorption 
at ~ 260 ºC. After calcination at 450 ºC and higher, the desorption curves were shifted 
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slightly to higher temperatures, indicating the presence of stronger basic sites. When 
compared on a per gram basis (Table 3-4), the refluxed MgO had more basic sites 
than the commercial MgO or the MgO prepared from Mg(NO3)2. This is due to the 
higher surface area of the refluxed samples. Normalizing the CO2 desorbed based on 
per m
2
 surface area, resulted in an opposite trend. Both MgO calcined at 450 C and 
500 C had about the same density of basic sites, ~ 0.8 mol/m2. As the surface area 
decreased with higher calcination temperature, the density of basic sites increased.  
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Table 3-5. Density of basic sites of Group 2 MgO catalysts from CO2-TPD 
Sample CO2 desorbed 
 mol/g mol/m2 
MgO-NO3 11 0.85 
MgO-com-500 62 2.07 
MgO-refl-500 97 0.63 
 
Fig. 3-8 shows that the CO2 desorption over the MgO-NO3 sample occurred at low 
temperatures with the peak maximum at ~ 230 ºC. MgO-com-500 showed a higher 
basicity as the desorption occurred up to 450 C with peak maxima at ~ 240 ºC and  
~ 275 ºC. For MgO-refl-500, the peak maxima were shifted to higher temperature  
~ 250 ºC and ~ 295 ºC. When compared on a per gram basis (Table 3-5), the 
MgO-refl-500 had more basic sites than MgO-com-500 or MgO-NO3. This is due to 
the higher surface area of the refluxed sample. Normalizing the CO2 desorbed based 
on per m
2
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3.2.4.3 CO2-TPD of Group 3 MgO catalysts 
Fig. 3-9. CO2-TPD of the group 3 MgO samples. Curves normalized to 1 g 
 
Table 3-6. Density of basic sites of group 3 MgO catalysts from CO2-TPD 
Sample CO2 desorbed 
 mol/g mol/m2 
MgO-NO3 11 0.85 
MgO-NO3-H2O2-300 158 (217)
a
 0.92 (1.31) 
MgO-NO3-H2O2-400 177 1.35 
MgO-NO3-H2O2-500 143 1.39 
a
In parenthesis, value after holding at 300 C for 21.6 min when signal decreased. 
 
CO2-TPD profiles of group 3 MgO catalysts were shown in Fig. 3-9. During the 
TPD, the desorption was measured up to the pretreatment temperature of the sample – 
300, 400 or 500 C as this would indicate the basic sites present after the pretreatment. 
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Heating beyond the pretreatment temperature is not meaningful as any CO2 desorbed 
would correlate with basic sites not available due to the lower temperature for 
pretreatment. The CO2-TPD profile of the precursor MgO-NO3 showed a maximum at 
~ 230 ºC and the density of basic sites was very low, 11 mol/g (Table 3-6). After 
H2O2 treatment, CO2 desorption from MgO-NO3-H2O2-300 increased tremendously 
(Fig. 3-9), indicating an increase in the density of basic sites to 158 mol/g. As the 
desorption occurred in the low temperature range from 175 to 300 ºC, this shows that 
weak basic sites are present after pretreatment at 300 ºC for 2 h. Heating the sample in 
helium without any prior CO2 adsorption resulted in a peak with a maximum at  
~ 375 ºC (Fig. 3-10), showing that there are stronger basic sites present on the sample 
but these are blocked by adsorbed CO2. Surface carbonates could be present on 
MgO-NO3-H2O2-300 that requires higher temperature for removal. The TPD profile 
for bulk MgCO3 showed that CO2 was evolved between 300 to 600 ºC, with peak 
maxima at ~400 C and 500 C. Compared to MgO-NO3-H2O2-300, the desorption 
temperature is higher for MgCO3 due to the bulk nature of the sample.   
Calcining MgO-NO3-H2O2 at 400 ºC resulted in a broad peak with a maximum at 
~ 270 ºC. Calcining MgO-NO3-H2O2 at 500 ºC opened up even more basic sites as 
CO2 desorption occurred from 150 
o
C up to 500 ºC. When compared on a per gram 
basis (Table 3-6), the H2O2-treated MgO samples had a higher density of basic sites 
than MgO-NO3. This is largely due to the bigger surface area of the H2O2-treated 
samples. However, even after normalizing the CO2 desorbed on per m
2
 surface area, 
the H2O2-treated MgO had a higher density of basic sites. For H2O2-treated MgO 
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calcined at 400 ºC and 500 ºC, the density of basic sites was 1.35 - 1.39 mol/m
2
 as 
compared to 0.85 mol/m
2
 for the untreated MgO.  
 
Fig. 3-10. CO2 desorption during thermal treatment of (a) MgO-NO3-H2O2-300  
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3.2.5 NH3-TPD of MgO samples with and without H2O2 treatment 
Fig. 3-11. NH3-TPD of (a) MgO-com and MgO-com-H2O2-300 (b) MgO-NO3 and 
MgO-NO3-H2O2-300 and (c) MgO-NO3-H2O2 calcined at 300, 400 and 500 ºC  
 
Table 3-7. Density of acid sites from NH3-TPD 
Sample NH3 desorbed 
 mol/g mol/m2 
MgO-com-300  — — 
MgO-com-H2O2-300 18.1 0.07 
MgO-NO3 — — 
MgO-NO3-H2O2-300  14.9 0.09 
MgO-NO3-H2O2-400 0.9 0.01 
MgO-NO3-H2O2-500 2.1 0.02 
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The NH3 desorption profile of MgO-com-H2O2 shows that NH3 desorbed in a small 
peak from 170 – 210 ºC and a bigger peak from ~ 235 – 300 ºC (Fig. 3-11a). Similarly, 
NH3 desorption was observed for the MgO-NO3-H2O2-300 but not for the MgO-NO3 
(Fig. 3-11b). The results show that the H2O2-treated MgO sample contained acidic 
sites which were not present in the respective precursor MgO samples. The presence 
of acidic sites at the surface of MgO is rather surprising as MgO is a basic oxide. It is 
possible that the smaller crystallites formed due to H2O2-induced peptization of the 
MgO aggregates have exposed Mg
2+
 at the edges, kinks and corners which would 
form Lewis acid sites. Normalizing the NH3 desorbed based on per m
2
 surface area 
showed that acid site density for MgO-com-H2O2-300 and MgO-NO3-H2O2-300 was 
very small, 0.07 and 0.09 mol/m
2
, respectively. After calcination at 400 and 500 ºC, 
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3.2.6 Thermogravimetric analysis 
 
 
Fig. 3-12. TGA-MS profiles of (a) degassed MgO-500 and (b) air-exposed MgO-500 
 
Fig. 3-12 (a) shows the TGA-MS profiles of the MgO-500 catalyst after degassing 
under N2 flow at 300 ºC for 2 h. The main weight loss occurred between 324 to 
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376 C and from the mass spectrometer, this was mainly due to the loss of H2O. This 
agrees with the XRD results which shows that the sample still contained some 
Mg(OH)2 phase (Fig. 3-2). The hydroxyl species on Mg(OH)2 lends Brønsted basicity 
to the sample. In contrast, the weight loss for MgO-500 exposed to air below 130 ºC 
shows an early desorption of water below 150 ºC which can be attributed to the 
desorption of physisorbed H2O on the sample. A second weight loss occurred in the 
same temperature range (324 – 376 ºC) as the degassed sample. Here, both CO2 and 
H2O were detected, indicating the likely presence of surface carbonate species. The 
weight loss for the degassed sample is smaller than for the exposed sample, 10.6 % 
versus 14.0 % of the final weight.  
 
3.2.7 SEM studies of different MgO samples 
 
Fig. 3-13. SEM images of group 2 MgO catalysts: (a) MgO-NO3 (b) MgO-com-500 
and (c) MgO-refl-500 
(a) (b) 
(c) 
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The SEM micrographs (Fig. 3-13) show that MgO-NO3 and MgO-com-500 were 
composed of granular particles with various sizes up to 200 m. In comparison, the 
particles in MgO-refl-500 had a narrower distribution of sizes around 1 - 5 m. The 
particle size was also measured using laser scattering and both MgO-NO3 and 
MgO-com-500 had a wider distribution of particles in the range of 0.2 – 8 m while 
that of MgO-refl-500 were mainly between 0.4 – 2 m (Fig. 3-14). Using the laser 
scattering method, the particles are smaller than that observed in SEM. This 
discrepancy can be explained by the difference in the number of particles probed. The 
particle sizer measures a larger number of particles than in SEM and can be 
considered to be more representative of the sample. In SEM, larger particles stand out 
and are more visible than smaller ones. 
 
Fig. 3-14. Particle size distribution curves of group 2 MgO samples 
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Fig. 3-15. SEM images of group 3 MgO catalysts: (a) untreated MgO-com  
(b) MgO-com-300 (c) MgO-com-H2O2-300 and (d) MgO-NO3-H2O2-300 
 
The SEM micrographs of Fig. 3-15 show that the untreated and 300 ºC-calcined 
commercial MgO samples are granular in nature with the bigger particles in the range 
of 35 to 60 m. After H2O2 treatment, the particle size decreased considerably to 2 –  
5 m. Laser light scattering measurements show that particles shifted to smaller sizes 
and a narrower distribution after H2O2 treatment (Fig. 3-16). The results show that 
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Fig. 3-16. Particle size distribution curves of MgO-com and MgO-NO3 samples 
without and with H2O2 treatment 
 
3.3 Results and discussion 
The studies of characterization of the three groups of synthesized MgO catalysts 
reveal that the physical and chemical nature of the MgO surface can be varied by 
simple treatment processes: 
(1) By refluxing and calcination of commercial MgO, a series of high surface area 
samples containing a mixture of MgO-Mg(OH)2 were obtained.  
(2) Calcination time of refluxed MgO samples significantly affected the phase 
composition of the resulting catalysts and a single MgO phase catalyst was obtained 
after calcined the sample at 500 
o
C for 12 h.  
(3) Catalysts with smaller crystallite size and acid-base bifunctionality can be 
procduced by simple H2O2 treatement of MgO sample. 
In order to test the catalytic activities of the MgO catalysts from the different 
preparations, two test reactions were used: (1) synthesis of flavanones via the 
Claisen-Schmidt condensation between 2-hydroxyacetophenone and benzaldehyde; 
and (2) synthesis of jasminaldehyde by aldol condensation reaction involving 
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1-heptanal and benzaldehyde. 
Although the synthesis of flavanones via the Claisen-Schmidt condensation 
between 2-hydroxyacetophenone and benzaldehyde have been extensively 
investigated over MgO as catalyst [15-20], the use of catalysts having mixed 
MgO-Mg(OH)2 phases have not been reported. Therefore, group 1 MgO catalysts 
were tested for their catalytic activities on this reaction.  
For synthesis of jasminaldehyde, heterogeneous catalysts such as acid zeolites 
HY and Beta, mesoporous aluminosilicate (Al-MCM-41) [21], Al-MCM-41 
supported-MgO [22], magnesium organosilicates (MOS) [23], Mg-Al hydrotalcite [24] 
and acid-base bifunctional ALPO [21] have been reported. The selectivity towards 
jasminaldehyde was ~ 86 % for the solid base Mg-Al hydrotalcite [24] and acid-base 
bifunctional catalysts [21]. Hence, group 2 and 3 MgO catalysts were investigated for 
their catalytic activities on the aldol condensation reaction between 1-heptanal and 
benzaldehyde.  
 
3.3.1 One-pot high selective synthesis of flavanones  
3.3.1.1 Background of flavanones  
Flavonoids are a ubiquitous group of polyphenolic compounds that are widely 
distributed in plants and serve to preserve the health of plants against infections and 
parasites [25-27]. They are used in numerous pharmacological applications [28-31] 
with antimalarial, anticancer [32], anti-inflammatory, cytotoxic, antibacterial [33, 34], 
and anti-AIDS activities [15]. Flavanones are commonly synthesized via the 
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Claisen-Schmidt condensation between 2-hydroxyacetophenone and benzaldehyde 
[35] followed by isomerization of the 2′-hydroxychalcone intermediate 1  
[16-18, 36-38] to flavanone 2 (Scheme 3-1). Both reactions can be catalyzed by acids 
or bases in homogeneous media [39-41]. However, there are many drawbacks under 
homogeneous conditions including catalyst recovery, waste disposal and product 
separation. Therefore, the demand of developing clean and economical processes 
(namely green synthetic route), where the use of noxious substances and the 
generation of wastes can be avoided is increasing.  
 
Scheme 3-1. Synthesis of flavanone 
 
Heterogeneous catalysts provide an ideal and environmentally friendly way to 
fulfill the above requirements, with advantages such as ease of separation and 
recycling of the catalysts from the reaction mixtures [42-44]. A number of different 
heterogeneous catalysts have been reported for flavonoid synthesis, such as 
aminopropylated mesoporous silica [45], amino or aminopropyl-functionalized 
SBA-15 [46, 47], barium hydroxide [48, 49], hydrotalcites [50-52], and natural 
phosphates modified with NaNO3 or KF [53, 54]. Some of these require rather 
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complicated preparation procedures but despite this, the selectivity towards to desired 
target compound flavanones was less than 70 % [45, 47-54]. Table 3-8 compares the 
reported selectivity and conversion for these catalysts. 
 








Sel. (%) Conv. 1 
(%) 
Ref. 
1 2  
Nanocrystalline MgO 25 0.83 10 90 90 (12 h) [15] 
Aminopropylated mesoporous silica 67 1.5 31 69 88 (8 h) [45] 
Amino-functionalized SBA-15 67 0.67 28 72 100(12 h) [46] 
Aminopropyl-functionalized SBA-15 67 1.5 31 69 91 (8 h) [47] 
Ba(OH)2(ultrasound)  196 1 100 0 0 [48] 
Ba(OH)2 thermal process 196 1 100 0 0 [49] 
HydrotalcitesMg:Al(3 : 1)
c
 167 1.1 64 36 72 (1 h) [50-
52] 
NaNO3/natural phosphate 25 1 100 0 95 (10 h)  [53] 
KF/natural phosphate 10 1 33 64 91 (2 h) [54] 
a
Substrate : catalyst ratio (mmol/g) 
b




Recently, MgO was used by a few research groups as a solid base catalyst to 
synthesize chalcone and flavanone [15-20]. Drexleret and Amiridis [16] first 
investigated the kinetics of the heterogeneous synthesis of flavanone over MgO, and 
found that the Claisen-Schmidt condensation showed a first-order dependence on 
2-hydroxyacetophenone and a half-order dependence on benzaldehyde, while 
2′-hydroxychalcone isomerization follows first-order kinetics. The activation energies 
for the Claisen-Schmidt condensation and isomerization were 40 and 48 kJ/mol, 
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respectively. The same authors studied the effect of solvents on the synthesis of 
flavanone over MgO [19], and discovered that DMSO significantly promoted the rates 
of both steps (Claisen-Schmidt condensation and subsequent isomerization). This was 
attributed to the formation of a stable sulfate species at the surface of MgO which 
affected the adsorption behavior of benzaldehyde and 2-hydroxyacetophenone. In two 
other reports [17, 18], the same group found that the initial reaction rate for the 
Claisen–Schmidt condensation of substituted benzaldehydes increases with the 
Hammett constant of the substituent group. These results suggested the presence of a 
negatively charged ketone intermediate in the reaction. Moreover, they also studied 
the adsorption of 2-hydroxyacetophenone and benzaldehyde on MgO with in-situ 
FTIR [18] and found that the 2-hydroxyacetophenone-derived phenolate ion was 
formed when a phenolic hydrogen was abstracted from the adsorbed 
2-hydroxyacetophenone. The phenolate ion then undergoes further reaction with 
benzaldehyde. Liu et al. [20] examined the basicity of MgO on the synthesis of 
flavanone by using CO2 temperature programmed desorption (TPD), and found a 
strong correlation between the number of basic sites of medium strength and the 
initial rate of the Claisen–Schmidt condensation reaction. They proposed that the 
activation of 2-hydroxyacetophenone involves the five-fold coordinated surface 
oxygen anions at the flat terraces of MgO. Most reported work focused on the 
Claisen-Schmidt condensation step, but the isomerization of the hydroxychalcone to 
flavanones is less studied. In general, selectivities for flavanones are less than 70 %  
[45, 47-54]. Choudary et al. [15] claimed that they had synthesized flavanones with 
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very high selectivity (60-100 %) using nanocrystalline MgO. However, there was no 
explanation for the high selectivity.  
 
3.3.1.2 Catalytic reaction procedure of flavanone synthesis 
The catalytic reactions of flavanone synthesis were carried out under N2 in a 
two-necked round bottom flask immersed in an oil bath. Prior to the reaction, the 
catalyst was dried at 300 ºC for 2 h to remove physically adsorbed H2O and CO2. The 
reaction was carried out both with solvent and without solvent under magnetic stirring. 
The amount of benzaldehyde and 2-hydroxyacetophenone were varied. Typically, for 
the solventless reaction, 10 mmol benzaldehyde and 20 mmol 2-hydroxyacetophenone 
were mixed and heated to 140 ºC before adding 0.20 g of the dried catalyst. For 
reactions using solvents, 6.25 mmol benzaldehyde, 12.5 mmol 
2-hydroxyacetophenone, and 5 ml of dimethylsulfoxide (DMSO), nitrobenzene, 
2-dichlorobenzene, benzonitrile or mesitylene were used. Aliquots were removed 
from the reaction mixture at regular time intervals with a filtering syringe and diluted 
with CH2Cl2 to reduce the concentration before analysis. The products were analyzed 
with an Agilent gas chromatograph (GC) equipped with a 30 m x 0.32 mm x 0.25 m 
HP-5 capillary column and FID detector. The GC program is as follows: initial 
temperature: 100 ºC, dwell time: 2 min, ramp: 10 °C min
-1
, final temperature: 300 ºC, 
dwell time: 5 min. A typical spectrum is given in Fig. 3-17. The retention time of the 
chemical compounds using a constant He pressure of 10 psi are: benzaldehyde  
(3.439 min), 2-hydroxyacetopheoneone (5.230 min), 2’-hydroxychalcone 1  
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(11.199 min), flavanone 2 (11.907 min), flavone 4 (12.494 min) and 
3-benzylidene-2-phenylchroman-4-one 3 (12.623 min). The products were identified 
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3.3.1.3 Catalytic activity for flavanone formation 
Table 3-9. Catalytic performance of different MgO catalysts in the condensation of 












) (%) 1 2 3 4 
MgO-300 11.6  98 22 75 2.2 0.8 
MgO-450 17.5 98 18 77 2.3 2.7 
MgO-500 8.7 96 12 83 4.0 1.0 
MgO-600 4.0  95 30 68 2.0 0 
MgO-NO3-500 1.1 95 28 64 2.3 5.7 
MgO-com
c
 2.9  95 38 55 3.8 3.2 
MgO-com
d
 4.6  99 22 76 1.0 1.0 
Com. Mg(OH)2 14.6  98 32 64 2.4 1.6 
a
Initial rate was calculated based on the reaction conversion at first hour. 
 
b
measured after 24 h, conversion of benzaldehyde. 
c
Commercial MgO without any pretreatment. 
d
Commercial MgO after drying at 300 ºC for 2 h. 
Reaction conditions: 20 mmol 2-hydroxyacetophenone and 10 mmol benzaldehyde, 
(no solvent), nitrogen protection, 0.2 g catalyst, 140 ºC. 
 
Of the different catalyst samples, commercial Mg(OH)2, MgO-300 and MgO-450 have 
high initial rates of reaction (Table 3-9). However, after 24 h, the conversion over all 
samples was > 95 %. The selectivity to flavanone 2 increased with treatment 
temperature to reach a maximum when catalyzed by MgO-500, 83 %. For MgO-600, 
the selectivity decreased to 68 %. These results show that the highest yield of 
flavanone 2 was obtained when the sample was a mixture of Mg(OH)2 and MgO 
rather than purely Mg(OH)2 or MgO.  
 Compared to the refluxed MgO samples, the untreated commercial MgO was 
active with a conversion of 95 % after 24 h but the selectivity to flavanone 2 was only 
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55 %. After pretreatment at 300 C for 2 h to remove physical absorbed CO2 and H2O, 
the initial rate was about doubled and the conversion increased to 99 % after 24 h. The 
selectivity to 2 was also higher, 76 %. Similarly, the untreated commercial Mg(OH)2 
was active, with a conversion of 98 % but the selectivity to flavanone 2 was only 
64 %. Although Mg(OH)2 as well as MgO, irrespective of the pretreatment conditions, 
can catalyze the Claisen-Schmidt condensation of 2-hydroxyacetophenone with 
benzaldehyde, the selectivity to flavanone differs. In comparison, 
amino-functionalized SBA-15 [46, 47], showed higher activity in the one-pot 
synthesis of benzaldehyde and 2-hydroxyacetophenone but the selectivity to 
flavanone was only 72 %. Density functional theory calculations showed that 
flavanone is more stable than chalcone by 51.9 kJ/mol. Therefore, the selectivity to 
flavanone is expected to be > 99 %. The equilibrium between chalcones and 
flavanones in solution has been studied under various pH conditions [55]. For pH 
between 0 and 10, flavanones are the stable species. The variation in the selectivity to 
flavanone for the various MgO samples may be related to the different basicity 
present in crystallites of various sites. The rate of isomerization of chalcones to 
flavanones increases with pH, suggesting that the isomerization of chalcones may 
prefer strong basic sites of catalyst. 
 It was also found that the formed flavanone 2 can react further with 
benzaldehyde to form the substituted flavanone, 3-benzylidene- 
2-phenylchroman-4-one, 3 (Scheme 3-2). Whilst the pore size of a catalyst will affect 
the mass transfer of reactants and products [56-59] and in turn, the selectivity of the 
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reaction, the results show that despite the large pores in MgO-600 (3.0 - 6.5 nm), the 
selectivity to 3, was not higher than that of the other samples with smaller pores. The 
selectivity for 3 in all samples was in the order of 2 – 4 %. The molecular size of 3 
was estimated from Chem 3D Ultra 10 software to be 10.3 x 9.5 x 5.8 Å (Fig. 3-18), 
which is smaller than the mesopores of the catalysts.   
 




Fig. 3-18. Molecular dimensions of 3-benzylidene-2-phenylchroman-4-one 3 
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     Another by-product 2-phenyl-4H-chromen-4-one 4 was present in small 
quantity (< 3 %) and this substance can be formed by dehydrogenation of flavanone 2 
(Scheme 3-2). The eliminated hydrogen from flavanone 2 may be coupled to the 
reduction of benzaldehyde to benzyl alcohol. Due to the close retention times of 
benzyl alcohol (5.21 min) and 2-hydroxyacetophenone (5.23 min) (Fig. 3-19), it was 
not possible to identify the benzyl alcohol in the reaction mixture. Flavone 4 belongs 
to another class of flavonoids with putative beneficial effects against atherosclerosis, 
osteoporosis, diabetes mellitus and certain cancers [66]. 
 
 











  91 
3.3.1.4 Effect of substrate ratios 
Table 3-10. Variation of 2-hydroxyacetophenone (2-HAP) to benzaldehyde (BZ) 
concentration. 







(%) 1 2 3 4  
1 0.625 12.5 20 98 5 59 33 3 
2
b 
0.625 12.5 20 98 8 78 14 0 
3 1 10 10 99 21 64 14 1 
4 2 20 10 96 11 82 4 3 
5 3 30 10 98 0 98 2 0 
Reaction condition: 140 ºC, nitrogen atm, catalyst (MgO-500) 0.20 g, solventless. 
a
The conversion is based
 
on limiting reactant and calculated after 24 h 
b
2 mmol benzaldehyde added every 0.5 h 
 
Table 3-10 shows that in the presence of excess benzaldehyde, flavanone 2 was 
formed with 59 % selectivity while the by-product 3 constituted a considerable extent, 
33 %, of the products (entry 1). A stepwise addition of 2 mmol benzaldehyde every 
0.5 h led to an improvement in the selectivity to 2, 78 % (Table 3-5, entry 2). By 
keeping the concentration of benzaldehyde low, the consecutive reaction between 
benzaldehyde and the formed flavanone is minimized.  
In addition, by increasing the 2-hydroxyacetophenone : benzaldehyde molar ratio, 
the selectivity to 2 increased so that for 2-hydroxyacetophenone : benzaldehyde molar 
ratio of 3, the selectivity to flavanone was extremely high, 98 % (Table 3-10, entry 5).  
Besides minimizing the side reactions, the strong basicity of 2-hydroxyacetophenone 
(pKa=10.2) enhances the rate of isomerization of chalcone to flavanone. 
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3.3.1.5 Effect of solvent on synthesis of flavanone over MgO 
The effect of several solvents including dimethyl sulfoxide (DMSO), tetralin, 
mesitylene, benzonitrile, and nitrobenzene on the heterogeneous synthesis of 
flavanone over MgO catalyst has been investigated by Drexler and Amiridis [19]. No 
apparent correlation between the polarities of the solvents and the reactivity of MgO 
was observed. However, DMSO significantly promoted the rate of isomerization of 
2-hydroxychalcone to flavanone. As MgO-500 catalyst contained a mixture of    
MgO-Mg(OH)2 rather than single phase MgO, the effect of solvents was investigated 
(Table 3-11).   
 
Table 3-11. Condensation of benzaldehyde and 2-hydroxyacetophenone over 






1 2 3  4 
DMSO 47.2 100 0 18 5 77 
Nitrobenzene 34.8 95 3 94 3 0 
Benzonitrile 26.0 99 4 92 4 0 
1,2-Dichlorobenzene 9.8 20 22 59 0 19 
Mesitylene 2.4 37 8 79 6 7 
Solventless
b 
- 96 11 82 4 3 
a
Conversion of benzaldehyde after 24 h 
b
2-hydroxyacetophenone (20 mmol) and benzaldehyde (10 mmol) 
Reaction condition: 2-hydroxyacetophenone (12.5 mmol), benzaldehyde (6.25 mmol), 
nitrogen atm, solvent (5 ml), 140 C, catalyst (MgO-500) 0.20 g. 
 



























Fig. 3-20. Effect of solvents on the condensation of benzaldehyde and 
2-hydroxyacetophenone over MgO-500 
 
In DMSO, the reaction rate was very high (100 % conversion within 5 h) but the 
main product is flavone 4. This could be due to dehydrogenation in the presence of 
DMSO, forming dimethyl sulfide (DMS) and water (Scheme 3-3). The evolution of 
dimethyl sulfide was detected by its unpleasant odor. It is well known that DMSO is 
used as selective oxidant in the Swern oxidation reaction whereby a primary or 
secondary alcohol is oxidized to an aldehyde or ketone. The oxidative cyclization of 
2′-hydroxychalcones 1 into flavones 4 was reported with Lewis acid catalyst-DMSO 
system, such as I2-DMSO [61-64] and SeO2-DMSO-SiO2 [65].  
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Scheme 3-3. Formation of flavone 4 from flavanone using DMSO as solvent 
 
The reaction kinetics showed that flavanone 2 was formed rapidly at short times to 
reach a maximum after 2 h before decreasing (Fig 3-21). Flavone 4 was detected 





























Fig. 3-21. Reaction progress kinetics of the condensation of benzaldehyde and 
2-hydroxyacetophenone over MgO-500 under DMSO 
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The use of solvents such as mesitylene, 1,2-dichlorobenzene and nitrobenzene 
led to a lower reaction rate than in the absence of solvents (Fig. 3-20). In addition, a 
pronounced delayed increase in the benzaldehyde conversion for first 2 h was 
observed when nitrobenzene was used as solvent. The selectivity to flavanone 2 was 
only 59 % when 1,2-dichlorobenzene was the solvent while with mesitylene, the 
selectivity, 79 %, was slightly lower than in the absence of solvent, 82 %. With 
benzonitrile as solvent, the reaction kinetics was similar to that of the solvent-free 
reaction. The selectivity to 2 was very high when benzonitrile and nitrobenzene were 
used as solvents, 92 - 94 %, as compared to only 82 % under solventless condition 
(2-hydroxyacetophenone : benzaldehyde of 20 mol : 10 mol). The results suggest that 
the interaction of these two solvents with the MgO surface leads to sites important for 
isomerization of the 2′-hydroxychalcone 1 to flavanone 2. To investigate if the high 
flavanone selectivity can be maintained even in excess benzaldehyde, a 
2-hydroxyacetophenone : benzaldehyde of 2 mmol : 3 mmol in 5 ml nitrobenzene was 
used. The selectivity to flavanone 2 was still high at 94 % with 6 % being 
2′-hydroxychalcone 1 (Table 3-12). Using other MgO samples, MgO-300, MgO-450, 
MgO-NO3-500, and commercial MgO, some flavone 4 was formed as well. The 
increased MgO phase with calcination of Mg(OH)2 led to an improvement in the 
selectivity to flavanone 2. These results suggest that isomerization of 
2′-hydroxychalcone requires strong Lewis O2- basic sites besides the weak Brønsted 
basicity found in Mg(OH)2. 
.  
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1 2 3 4 
MgO-300 37 12 79 0 9 
MgO-450 42 3 91 4 2 
MgO-500 40 6 94 0 0 
MgO-600 39 12 88 0 0 
MgO-NO3-500 27 11 82 0 7 
MgO-com 36 6 88 1 5 
a
 Conversion of 2-hydroxyacetophenone after 21 h 
Reaction condition: 2 mmol 2-hydroxyacetophenone and 3 mmol benzaldehyde in 
5 ml nitrobenzene, nitrogen protection, 0.2 g catalyst, 140 C.   
 
The results above suggest that some solvent molecules may preferentially adsorb 
and block some of the active sites at the surface of catalyst, thus affecting the activity 
and/or selectivity. The activity was more severely affected with solvents of lower 
dielectric constants such as mesitylene and 1,2-dichlorobenzene than those of higher 
dielectric constants (Table 3-11).  
Coluccia and Tench [66] have proposed a model of the MgO surface with Mg-O 
ion pairs of various coordination numbers due to terrace, edge and corner sites. The 
basic strength of O
2-
 ions increases as the coordination number becomes lower. 
Oxygen ions located at the corners of the crystallite should have a stronger basicity 
than O
2-
 located either at edges or faces of the crystal. The nature and basic strength of 
the catalyst depends on the population of the different sites and this will affect the 
activity and selectivity. Furthermore, the surface of MgO can be easily covered with 
CO2 and water from the atmosphere, hence pretreatment will also affect its 
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performance. The highest selectivity to flavanone 2 was observed for MgO calcined at 
500 ºC for 2 h. When the calcination temperature increased from 500 ºC to 600 ºC, the 
selectivity to flavanone 2 decreased. This can be attributed to a decrease in the O
2-
 
located at edges and corners as the crystallite size of MgO increased due to the higher 
calcination temperature. Hence, the results suggests that strong Lewis basic oxygen 
sites associated with low coordination number (corner, kinks, and edge sites) are 
involved in the isomerization of 2′-hydroxychalcone 1 to flavanone 2. 
From FTIR measurements [19, 67], nitrobenzene adsorbs via the nitro group 
with the benzene ring lying flat on the surface of MgO and blocks its surface active 
sites. The induction time observed when using nitrobenzene as solvent suggests that it 
blocks the active sites on MgO (Fig. 3-20). In comparison, benzonitrile was reported 
to interact weakly with the MgO surface through the nitrile group [19] but no 
significant effect on the rate was observed when compared with the solventless 
reaction. The coverage of MgO surface by the solvent molecules would lead to a 
decrease in the rate of reaction. Based on the molecular size of a nitrobenzene 
molecule, 0.25 nm
2
, and ~ 0.18 nm
2
 for one Mg-O unit, approximately 6 MgO 
molecules would be covered by one nitrobenzene molecule (Fig. 3-22). If the benzene 
ring rotates about the N, then 20 MgO molecules would be swept out (Appendix), in 
good agreement with a value of 18 Mg-O units/nitrobenzene claimed by Klabunde et 
al. [63].  
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Fig. 3-22. Surface of MgO with adsorbed nitrobenzene 
 
If nitrobenzene lies flat at the surface of MgO, it would cover relatively more 
terrace sites than the lower-coordination sites. Hence, the exposed corner, kinks and 
edge sites are free to participate in the reaction, lending support to the above postulate 
based on calcination results that strong Lewis basic sites may be responsible for the 
isomerization of 2′-hydroxychalcone to flavanone.  
Based on the results, it is postulated the aldol condensation reaction between 
benzaldehyde and 2-hydroxyacetophenone or between flavanone 2 and benzaldehyde 
can occur over sites with a range of basicity from weak to strong. As both Mg(OH)2 
and MgO showed good activity, the active site can be both Brønsted as well as Lewis 
basic sites rather than just Brønsted basic sites alone as proposed for the synthesis of 
chalcones from benzaldehyde and acetophenone [50-51]. In nitrobenzene or 
benzonitrile, the selectivity to the aldol condensation product between flavanone and 
benzaldehyde was reduced, showing that 3 can form over weak basic sites. Indeed, 
even in untreated MgO where the most basic sites would be deactivated due to CO2 
adsorption, aldol condensation reactions leading to 1 and 3 were still observed  
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(Table 3-4). On the other hand, the isomerization of 2’-hydroxychalcone to flavanone 
2 prefers strong basic sites (Scheme 3-4). 
 
 
Scheme 3-4. Mechanism for isomerization of 2′-hydroxychalcone to flavanone 
      
3.3.1.6 Other substrates 
The results of Claisen–Schmidt condensations between various para-substituted 
benzaldehyde and 2-hydroxy-5-substituted acetophenones carried out in nitrobenzene 
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Table 3-13. Condensation of substituted benzaldehyde (R-ArCHO) and 2-hydroxy 
5-R′-acetophenone in nitrobenzene 




1’ 2’  3’ 4’  
1 H H 62 0 99  1 0 
2 Cl H 69  7 87  2 4 
3 NO2 H 90 13 79 8 0 
4 CH3O H 26  15 85 0 0 
5 H Cl 76  19 76  5 0 
6 H CH3O 80  0 87  3 10 
7 CH3O CH3O 22  0 100  0 0 
a 
Conversion of R-ArCHO after 45 h 
Reaction condition: R-ArCHO (2 mmol), 2-hydroxy 5-R′-acetophenone (2 mmol), 
nitrobenzene (5 ml), catalyst: MgO-500 (0.2 g), 140 ºC, N2. 
b1’, 2’, 3’, and 4’ are substituted equivalents of 1, 2, 3, and 4. 
 
 







 2-OH-AP & BZ
 2-OH-AP & 4-Cl-BZ
 2-OH-AP & 4-NO
2
-BZ
 2-OH-AP & 4-MeO-BZ
 2-OH-5-Cl-AP & BZ
 2-OH-5-MeO-AP & BZ














Fig. 3-23. Condensation of substituted benzaldehyde (R-ArCHO) and 2-hydroxy 
5-R′-acetophenone in nitrobenzene over MgO-500 
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The generally accepted mechanism for the base-catalyzed Claisen-Schmidt 
condensation involves the abstraction of a methylene proton from 
2-hydroxyacetophenone [50]. The anion makes a nucleophilic attack the carbonyl 
carbon of benzaldehyde followed by the addition of a proton (Scheme 3-5). 
Dehydration of the hydroxyl ketone product forms the hydroxychalcone which can 
undergo cyclization to the flavanone (Scheme 3-4).  
 
 
Scheme 3-5. Mechanism for base-catalyzed Claisen-Schmidt condensation  
 
In nitrobenzene, the selectivity for flavanones was between 76 to 100 % at a 1:1 
molar ratio of the reactants (Table 3-13). To the best of our knowledge, these are the 
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highest values reported to date for the catalytic Claisen–Schmidt condensation 
reactions. The substituents in benzaldehyde have a great influence on the conversion 
and selectivity (Fig. 3-23), The presence of chloro or nitro groups at the para position 
of benzaldehyde (Table 3-13, entries 2 and 3) increases the conversion of the reactants. 
This is in accordance with the mechanism (Scheme 3-5) as the electron-withdrawing 
group reinforces the positive charge on the carbonyl carbon and facilitates the 
nucleophilic attack by the carbanion species. In contrast, with an electron-donating 
group like methoxy on benzaldehyde, the rate of reaction was lower. For the 
substituents on the acetophenone, no significant effect on the conversion or selectivity 
can be deduced. 
The same trend was seen when DMSO was used as the solvent (Fig. 3-24) 
although the reaction rates were higher than in nitrobenzene. The Claisen-Schmidt 
condensation of 4-chlorobenzaldehyde and 2-hydroxyacetophenone was fully 
completed in 5 h. In DMSO, the flavanones 2 were dehydrogenated to the 
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Table 3-14. Condensation of substituted benzaldehyde (R-ArCHO) and 2-hydroxy 
5-R′-acetophenone in DMSO 
Reaction R R′ Conversiona 
(%) 
Selectivity (%) 
1’  2’  3’  4’  
1 Cl H 100  0 0 17 83 
2
b 
NO2 H - - - - - 
3 CH3O H 51 0 0 0 100 
4 H Cl 96  0 0 50 50 
5
c
 H CH3O 95 0 13 34 53 
a
 Conversion of substituted-benzaldehyde after 5 h 
b
 The reaction mixture (4-nitro-benzaldehyde/2-hydroxyacetophenone/DMSO)  
changed to a black color as soon as catalyst was added and no substrate/product 
signals were detected after 2 h.  
c
Conversion and selectivity were taken after 45 h. 
Reaction condition: R-ArCHO (2 mmol), 2-hydroxy 5-R′-acetophenone (2 mmol), 
DMSO (5 ml), catalyst: MgO-500 (0.2 g), 140 ºC, N2. 
 









 2-OH-AP & 4-Cl-BZ
 2-OH-AP & 4-MeO-BZ
 2-OH-5-Cl-AP & BZ














Fig. 3-24. Condensation of substituted benzaldehyde (R-ArCHO) and 2-hydroxy 
5-R′-acetophenone in DMSO over MgO-500 
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3.3.2 Synthesis of jasminaldehyde 
3.3.2.1 Background of jasminaldehyde  
Jasminaldehyde, or α-n-amylcinnamaldehyde is a traditional perfumery chemical 
with a violet aroma. It is of commercial interest and used in products such as alcoholic 
perfume, deodorant, and cosmetics [68]. Due to its good alkali resistance, 
jasminaldehyde is used extensively in soaps and detergents. In small amounts, it is 
frequently included in household products such as toothpaste and bakery products to 
enhance their appeal to consumers [69]. 
 
Scheme 3-6. Base-catalyzed synthesis of jasminaldehyde and by-product 
 
The synthesis of jasminaldehyde 1 is carried by an aldol condensation reaction 
involving 1-heptanal and benzaldehyde (Scheme 3-6). Industrially, liquid alkali 
(NaOH or KOH) taken in more than stoichiometric amounts is used as the 
homogenous catalyst [69]. However, the main drawbacks of homogeneous processes 
include the lack of reusability of the catalyst, production of liquid waste and the 
hazardous nature of NaOH or KOH, especially in large quantities. In order to 
overcome such drawbacks, many research groups have reported the use of various 
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heterogeneous solid acid and base catalysts for the synthesis of jasminaldehyde.  
The use of heterogeneous catalysts constitutes a green synthetic route as the 
catalyst is easily recovered from the reaction medium, no excess solvents need to be 
used for the work-up to recover the catalyst and the catalyst is reusable [70-72]. 
Besides jasminaldehyde, the most important by-product, 2-pentyl-non-2-enal 2, comes 
from the self-condensation of heptanal (Scheme 3-6). Therefore, in order to inhibit the 
formation of 2, the reaction normally is carried out with a very low concentration of 
heptanal relative to benzaldehyde [73]. Climent et al. [21, 73-74] reported the use of 
large-pore acid zeolites HY and Beta, mesoporous aluminosilicate (Al-MCM-41) and 
amorphous aluminophosphates (ALPO) as solid catalysts for the synthesis of 
jasminaldehyde (Table 3-15). However, only the acid-base bifunctional ALPO gave 
high selectivity (86 %) to jasminaldehyde in excess benzaldehyde (benzaldehyde to 
1-heptanal ratio of 10). Sharma and co-workers [24] used Mg-Al hydrotalcite with 
Mg/Al molar ratio of 3.5 as a solid base catalyst for the aldol condensation reaction. A 
maximum jasminaldehyde selectivity of 86 % at 98 % conversion of 1-heptanal was 
observed. Jaenicke et al. [75] reported 98 % conversion of 1-heptanal and 66 % 
selectivity of jasminaldehyde over KLaO2/MCM-41 at 160 ºC using a low 
benzaldehyde to 1-heptanal ratio of 1.5 : 1. Solid base catalysts such as Al-MCM-41 
supported magnesium oxide [22] and magnesium organosilicates (MOS) [23] have 
also been applied. While, using a high ratio of benzaldehyde to heptanal can increase 
the selectivity to jasminaldehyde, the reaction is uneconomical, as it increases the cost 
of downstream separation process. Normally, the acceptable ratio of benzaldehyde to 
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heptanal is around 5~10 [21-24, 73-75]. 
 
Table 3-15. Condensation of benzaldehyde with heptanal in the presence of different 
solid base catalysts. 








(mmol)  1 2 
NaCsX zeolite [79] 10 5 14.6 60 11 27 (8 h) 
ALPO [21]     10 5~7 14.6 86 14 82 (3 h) 
Na-ALPO [21] 10 5 14.6 67 23 48 (22 h) 
H-Beta [21] 10 5 14.6 21 40 20 (6 h) 
HY-100 [21] 10 5 14.6 52 15 28 (16 h) 
Al-MCM-41 [21] 10 5 14.6 56 35 55(10 h) 
Hydrotalcites Mg:Al(3.5:1)
d 
[24]   7.9 5~7 105 86 14 84 (8 h) 
KLaO2/MCM-41[75] 10 1.5 50 66 34 65 (6 h) 
Mg organosilicate [23] 7.9 5~7 105 80 20 79 (8 h) 
a
Benzaldehyde : heptanal (mole : mole) 
b
Substrate: catalyst ratio (mmol/g) 
c




MgO has been widely used in catalysis of various types of aldol reactions such as 
the self-condensation of acetone [76], butanal [77-78], cross condensation of citral 
and acetone [77] and Henry’s reaction of nitroalkanes with aldehydes [79]. However, 
it is not considered to be suitable for the aldol condensation of heptanal and 
benzaldehyde due to its monobasic property. Compared to bifunctional catalysts  
[21, 23, 24, 73, 74], its selectivity to jasminaldehyde is low, 52 % [73]. It has been 
found in our group that H2O2-treated MgO possesses not only basic sites but also acid 
sites as well. Hence, the investigation of H2O2-treated MgO as a catalyst for 
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jasminaldehyde synthesis was conducted. 
 
3.3.2.2 Catalytic reaction procedure of jasminaldehyde synthesis 
The catalytic reaction was carried out in a two-necked round bottom flask immersed 
in an oil bath. Prior to the reaction, the catalyst was dried at 300 ºC for 2 h. The 
reaction was carried out both with solvent and without solvent under magnetic stirring. 
The amount of benzaldehyde and 1-heptanal were varied. Typically, for the 
solventless reaction, 10 mmol benzaldehyde and 2 mmol 1-heptanal were mixed and 
heated to 140 ºC before adding 0.05 g of the catalyst. For the reactions using solvents, 
3 ml of the solvent (toluene, dimethylformamide (DMF), dimethylacetamide (DMA), 
dimethylsufoxide (DMSO), nitrobenzene, 1,2-dichlorobenzene, benzonitrile, or 
p-xylene) were used and 0.2 g catalyst was applied. Despite the different boiling 
points of the solvents, the reaction was carried out at 100 ºC. Aliquots were removed 
from the reaction mixture at regular time intervals with a filtering syringe and 
analyzed with an Agilent gas chromatograph (GC) equipped with a 30 m x 0.32 mm, 
0.25 m film, HP-5 capillary column and a FID detector. The GC program is as 
follows: initial temperature: 100 ºC, dwell time: 2 min, ramp: 10 °C min
-1
, final 
temperature: 300 ºC, dwell time : 5 min. A typical spectrum is given in Fig. 3-25. 
Using a helium gas pressure of 10 psi, the retention time of the chemical compounds 
in this experiment are: benzaldehyde (3.104 min), 1-heptanal (5.187 min), 
jasminaldehyde 1 (10.392 min) and 2-pentyl-non-2-enal 2 (10.908 min). The products 
were identified by GC–mass spectrometry (QP 5000 mass spectrometer, DB-1 
capillary column).  
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Fig. 3-25. GC spectrum of reaction mixture and products 
 
3.3.2.3 Catalytic activity of Group 2 MgO samples 
 
 
Fig. 3-26. Aldol reaction of heptanal and benzaldehyde catalyzed by group 2 MgO in 
toluene and nitrobenzene  
Reaction conditions: benzaldehyde (20 mmol), 1-heptanal (2.0 mmol), solvent (3 ml), 
catalyst (0.2 g), 100 ºC. 
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— 3.9  3 98 77 
Toluene 3.3 7 99 80 
Nitrobenzene 3.2 10 99 80 
MgO-com-500 Toluene 2.1 22 89 73 
Nitrobenzene 1.3 22 38 60 
MgO-refl-500 Toluene 1.8 22 90 73 
Nitrobenzene 0.4 22 20 63 
a




The activity of the three group 2 MgO samples was compared using toluene as 
the solvent (Fig. 3-26a). MgO-NO3 was the most active catalyst with the conversion 
reaching 99 % after 7 h. The selectivity to jasminaldehyde was 80 % (Table 3-16). For 
MgO-com-500 and MgO-refl-500, the conversion after 7 h was only 67 % and 55 %, 
respectively. The selectivity to jasminaldehyde was lower, 73 %. The better activity 
and selectivity of MgO-NO3 is rather surprising as it has the lowest surface area of the 
three samples. Taking into consideration the CO2 TPD results, it appears that the 
reaction is favoured on weaker basic sites as found on MgO-NO3. In order to further 
confirm this hypothesis, the reaction was conducted in nitrobenzene (Fig. 3-26b - d). 
As explained in the previous section, the relative population of oxygen ions located at 
the edges, corners and kinks increase upon nitrobenzene adsorption onto MgO. These 
sites are of stronger Lewis basicity than oxygen ions located at the terrace sites.  
This would affect particles of smaller size than those which are larger. Indeed, it was 
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observed that the catalytic activity of MgO-NO3 in nitrobenzene was rather similar to 
that in toluene with 99 % conversion within 10 h. From XRD, the sample has 
crystallites of ~ 50 nm (Table 3-2). In MgO-refl-500, the particles are smaller, 9.6 nm, 
and the reaction rate was much lower in nitrobenzene than in toluene. After 22 h, the 
conversion in nitrobenzene was only 20 % as compared to 90 % in toluene. Over 
MgO-com-500 which has an average crystallite size of ~ 32 nm, the reaction rate was 
reduced to a smaller extent in nitrobenzene than for MgO-refl-500.  
The aldol reaction is initiated by interaction of the basic oxygen ions at the 
catalyst with the substrate, followed by extraction of a proton from the α-carbon of the 
heptanal (Fig. 3-27). The carbanion species generated attacks the carbonyl group of 
the benzaldehyde followed by loss of water to form jasminaldehyde. Hence, the 
reaction rate should mainly depend on three factors: (1) adsorption of heptanal to the 
solid catalyst; (2) proton extraction ability by the catalyst and (3) desorption of the 
formed product from the catalyst.  
 
Fig. 3-27. Base-catalyzed condensation mechanism of benzaldehyde with heptanal 
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The strength of the basic sites will affect the adsorption and proton-abstraction 
ability. The activity results show that weak basic sites found in MgO-NO3 are 
adequate for good activity. Stronger basic sites do not improve the conversion. In fact, 
strong basic sites will cause the slow desorption of the formed product into the bulk 
phase, which consequently reduces the reaction rate.  
 
3.3.2.4 Solvent effects on the synthesis of jasminaldehyde over 
MgO-NO3 catalyst 






1 2 3 4 
— 3 98 77 23 0 0 
Toluene 8 99 80 20 0 0 
Benzonitrile 8 89 71 29 0 0 
Nitrobenzene 8 96 80 20 0 0 
1,2-Dichlorobenzene 24 24 63 37 0 0 
DMF 8 99 74 17 6 3 
DMA 8 96 67 18 11 4 
DMSO 8 85 59 20 17 4 
p-xylene 24 37 58 28 11 3 
Reaction conditions: benzaldehyde (20 mmol), 1-heptanal (2.0 mmol), solvent (3 ml), 
catalyst MgO-NO3 (0.2 g), 100 ºC. 
 
The synthesis of jasminaldehyde between heptanal and benzaldehyde is 
commonly conducted in solventless condition and there are few reports about the 
synthesis of jasminaldehyde using solvents. However, the addition of a solvent can 
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modify significantly the catalytic properties of the catalyst due to its adsorption at the 
surface. 
Under solvent-free conditions, the conversion of heptanal was 98 % with 77 % 
selectivity to 1 after 3 h at 100 C (Table 3-17). In comparison, conversions between 
85 to 99 % were obtained in toluene, benzonitrile, nitrobenzene, DMF, DMA, and 
DMSO after 8 h and the selectivity to jasminaldehyde 1 ranged from 58 to 80 %. The 
main by-product was 2-pentyl-non-2-enal 2 due to self-condensation of heptanal. The 
results indicate that solvent can hamper the conversion of the reactants. This may be 
due to dilution of the reactant concentration. 
When 1,2-dichlorobenzene and p-xylene were used as solvents, the reaction was 
slower. This may be due to a strong interaction between these solvent molecules and 
the MgO surface. However, the reduced rate in p-xylene is surprising as no such effect 
was observed when toluene was used as the solvent. More studies would be needed to 
understand this. It has been previously observed that toluene and p-xylene can affect 
the catalytic oxidation of benzyl alcohol to benzaldehyde over Au/U3O8 in opposite 
manner [80]. In the reaction, the rate in p-xylene (45 % after 5 h) was much better 
than that in toluene (27 %).  
Additionally, in DMF, DMA, DMSO, p-xylene, besides 2-pentyl-non-2-enal 2, 
by-products 3 and 4 were observed due to C-C bond cleavage in jasminaldehyde and 
migration of the double bond, respectively (Fig. 3-28). It is well known that 
decarbonylation commonly involves the conversion of aldehydes to alkanes, and the 
reaction is usually catalyzed by metal complexes. The formation of decarbonylated 
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side products when DMF, DMA, DMSO, p-xylene were used as solvent, was very 
surprising and needs further investigation. 
To summarize, the highest yield of 75 – 79 % was obtained using toluene or 
nitrobenzene as solvent or under solvent-free condition. Under these conditions with a 




Fig. 3-28. GCMS of by-products 3 and 4 formed by using DMF, DMA, DMSO and 




  114 
3.3.2.5 Catalytic activity of Group 3 H2O2-treated MgO samples 
Table 3-18. Aldol condensation of heptanal and benzaldehyde over H2O2-treated 
MgO in the absence of solvent 








  0.5 100 80 20 
2 uncalcined MgO-com
b
 0.5 96 79 21 
3 MgO-NO3 1 99 78 22 
4 MgO-NO3-H2O2-300  8 100 88 12 
5 MgO-NO3-H2O-300  1 100 76 24 
6 MgO-NO3-H2O2-400 1 99 81 19 
7 MgO-NO3-H2O2-500 1 97 81 19 
8 MgO-com-H2O2-300 23 97 90 10 
a 
Commercial MgO (Merck) was directly calcined at 300 ºC for 2 h.
 
b
Commercial MgO without any pretreatment. 
Reaction conditions: benzaldehyde (10 mmol), 1-heptanal (2.0 mmol), catalyst 
(0.05 g), 140 ºC. 
 
The activity for aldol condensation of heptanal and benzaldehyde was carried out 
under solventless condition at 140 ºC. This was higher than the 100 ºC used above for 
untreated MgO samples. Furthermore, a lower benzaldehyde to heptanal ratio of 5 
instead of 10 was used. Under these conditions, the reaction was very fast when 
catalyzed by uncalcined MgO-com, MgO-com-300 and MgO-NO3 (Table 3-18, entries 
1 – 3). The conversion was > 95 % after 1 h (Fig. 3-29). The selectivity to 
jasminaldehyde was between 78 – 80 % which is similar to that observed using 
solvents (Table 3-18). Interestingly, after H2O2 treatment and calcination at 300 ºC, 
the reaction rate was lower and the conversion could only reach > 95 % after 5 h for 
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MgO-NO3-H2O2-300 and 23 h for MgO-com-H2O2-300, respectively (Fig. 3-29). 
However, the selectivity to jasminaldehyde improved from 78 % to 88 % for 
MgO-NO3-H2O2-300 (Table 3-18, entry 4). Similarly, MgO-com-H2O2-300 had a high 
selectivity to jasminaldehyde of 90 % compared to 80 % for the untreated MgO 
(Table 3-18, entries 1 and 8). Increasing the calcination temperature of 
MgO-NO3-H2O2 above 300 C led to a higher activity as conversions > 97 % was 
attained within an hour (Table 3-18, entries 6 and 7). However, the jasminaldehyde 
selectivity decreased to 81 % which is similar to the untreated MgO-NO3. Bulk 
commercial MgCO3 was also tested and found to be active, forming jasminaldehyde 1, 
2-pentyl-non-2-enal 2, benzoic acid and heptanoic acid (Table 3-19). Excluding 
benzoic acid and heptanoic acid, the selectivity of jasminaldehyde is ~ 90 %.  
 
 
Fig. 3-29. Comparison of aldol condensation of heptanal and benzaldehyde over 
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Table 3-19. Aldol condensation of heptanal and benzaldehyde over 











MgO-NO3-H2O2-300  100 (8 h) 0 0 88 12 






 51  5 
a
Benzoic acid (BA); heptanoic acid (HA) 
b
 in mmol. 
 
Reaction conditions: benzaldehyde (10 mmol), 1-heptanal (2.0 mmol), catalyst 
(0.05 g), 140 ºC. 
 
The activity results suggest that weak basic sites as present on MgCO3 are 
sufficient for reaction. Despite their higher surface areas, the H2O2-treated samples 
showed lower activity. This may be due to their smaller particle size which results in 
more O2
- 
ions at steps, corners and kinks of the crystallites. These sites have higher 
Lewis basicity that may adversely affect the rate of reaction. Indeed, the rate of 
reaction is highest for MgO-NO3 which has weaker basic sites as compared to 
MgO-com-500 or MgO-refl-500 (Table 3-16) with higher basic strength. The 
crystallinity of the sample does not affect the selectivity to jasminaldehyde as both 
MgO-NO3-H2O2-300 MgO-com-H2O2-300 had high selectivity to jasminaldehyde 
(Table 3-18, entries 4 and 8) despite the former being amorphous and the latter 
crystalline (Fig. 3-6).   
As H2O2 contained H2O, it is possible that H2O is the cause for the improved 
selectivity of the MgO catalyst. To verify this, the MgO-NO3 sample was treated in 
water at 40 ºC overnight. The activity and jasminaldehyde selectivity, 76 %, were 
similar to that of the MgO-NO3 (Table 3-18, entry 5), showing that H2O is not the 
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cause for the improved selectivity.  
 
3.3.2.6 Mechanism investigation of high jasminaldehyde selectivity 
over H2O2-treated MgO  
To elucidate the reason for the improved selectivity after H2O2 treatment, the 
interaction between reagents and catalysts were investigated by TGA-MS and FTIR. 
The adsorption of benzaldehyde on MgO-NO3 was carried out as follows: 0.2 g of the 
sample was degassed at 300 ºC for 4 h to remove adsorbed water and CO2 at its 
surface before adding a 0.1 ml solution of benzaldehyde in acetone (prepared by 
adding 0.028 ml benzaldehyde in 0.1 ml acetone). The sample was flushed with 
flowing nitrogen at room temperature for 4 – 5 h to remove the acetone. The same 
procedure was carried out for heptanal adsorption on the sample. TGA-MS studies of 
the samples were carried out with a Mettler TGA/DSC1 equipped with a Pfeiffer 
Thermostar Mass Spectrometer Model PTM61111. The sample was heated in 50 
ml/min nitrogen from 30 ºC to 700 ºC at a rate of 10 ºC/min. 
For FTIR study, the 2 wt % benzaldehyde-adsorbed MgO sample was pressed in 
a KBr pellet. The pellet was measured with a Bio-Rad FTS 165 FT-IR spectrometer 
using a resolution of 4 cm
−1
. The same procedure was used to measure the FTIR 
spectrum of heptanal-adsorbed sample.  
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Fig. 3-30. Benzaldehyde desorption curves measured by TGA-MS (a) MgO-NO3,  
(b) MgO-NO3-H2O2-300 and (c) MgCO3 
 
For MgO-NO3 (trace a) in Fig. 3-30, the desorption of benzaldehyde occurred 
below 100 ºC with a small additional peak at ~ 430 ºC. The low temperature 
desorption peak can be assigned to physically adsorbed benzaldehyde while the higher 
temperature peak due to chemically bound benzaldehyde. For MgO-NO3-H2O2-300 
(trace b) in Fig. 3-30, besides the low temperature peak with maximum at ~ 95 ºC, 
two new benzaldehyde desorption peaks appeared with a maximum at ~ 150 and  
~570 ºC (trace b in Fig. 3-30). This lends support that the fine particles of the 
H2O2-treated MgO give rise to stronger binding sites for benzaldehyde. Additionally, 
due to the higher surface area, the total amount of adsorbed benzaldehyde at the 
surface of MgO-NO3-H2O2-300 was increased by ~fivefold compared to MgO-NO3. 
The high temperature peak at ~570 ºC formed about 30 % of the total benzaldehyde 
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signal. Interestingly, when benzaldehyde was desorbed from commercial MgCO3 
(trace c in Fig. 3-30), the high temperature desorption peak at ~570 ºC was also 
present. It suggests that surface carbonate species on MgO-NO3-H2O2-300 play a role 
in strengthening the interaction between catalyst surface and benzaldeyde (Fig. 3-10). 
The adsorption of heptanal on MgO samples was also studied by TGA-MS 
(Fig.3-31). A significant low temperature peak between 50 – 150 ºC with a maximum 
at ~100 ºC indicates that most of the heptanal binds only physically to the MgO 
surface. The very small peak at higher temperature is attributed to chemically 
adsorbed heptanal. This signal appears at ~ 420 ºC for MgO-NO3, but was lower at 
~350 ºC for MgO-NO3-H2O2-300. Moreover, the high temperature peak formed 11 % 
of the total heptanal signal for MgO-NO3 but was only 6 % for MgO-NO3-H2O2-300. 
These results show that after H2O2 treatment and calcination at 300 ºC, the interaction 
between MgO and benzaldehyde was increased but for heptanal, the interaction was 
weakened. Hence, the surface of the H2O2-treated MgO would be expected to have a 
higher benzaldehyde : heptanal ratio than the untreated sample which could explain 
the higher selectivity to jasminaldehyde rather than 2-pentyl-non-2-enal 2 formed by 
self-condensation of heptanal.  
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Fig. 3-32. FTIR spectrum of MgO-NO3 and MgO-NO3-H2O2-300 after benzaldehyde 
adsorption 
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Further support for an enhanced interaction of benzaldehyde with the 
H2O2-treated MgO was obtained from FTIR measurements (Fig. 3-32). The FTIR 
spectrum of adsorbed benzaldehyde at MgO-NO3 shows an absorption band at  
~1700 cm
-1
, indicative of the carbonyl group in the adsorbed benzaldehyde. For 
MgO-NO3-H2O2-300, this band was shifted by ~ 50 cm
-1 
to ~ 1655 cm
-1
, showing a 
stronger interaction between the carbonyl group and the surface. The results are in 
agreement with the findings of Corma et al. [21, 73] who investigated the adsorption 
of benzaldehyde on aluminophosphate ALPO. These authors attributed the shift in the 
band to polarization of the carbonyl group as it interacts with acidic sites at the 
surface. The NH3-TPD results showed that some weak acid sites are present on the 
H2O2-treated samples but not on the untreated ones (Fig. 3-11). The interaction of 
benzaldehyde through the carbonyl oxygen with these weak Lewis acid sites would 
induce a partial positive charge on the carbon, making it susceptible to a nucleophilic 
attack by the heptanal carbanion (Scheme 3-7).  
 
 
Scheme 3-7. Proposed mechanism for jasminaldehyde formation involving acid-base 
sites 
 
Self-condensation of heptanal is minimized as polarization of the carbonyl group 
is less likely to occur in heptanal due to its relative weaker interaction with the 
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catalyst, as deduced from the TGA-MS studies (Fig. 3-31). Moreover, the surface of 
the catalyst would be expected to have an excess of benzaldehyde due to the molar 
ratio used in the reaction mixture (benzaldehyde/heptanal molar ratio of 5) and the 
stronger binding of benzaldehyde at the surface [73]. Calcination of the sample at 
400 C and higher resulted in the opening up of more basic sites that would result in a 
higher heptanal surface concentration. Hence, the selectivity to jasminaldehyde is 
decreased although the conversion is increased due to the higher density of basic sites.   
 
























Fig. 3-33. Influence of temperature on aldol condensation of heptanal and 
benzaldehyde 
Reaction conditions: benzaldehyde (10 mmol), 1-heptanal (2.0 mmol), catalyst 
(MgO-NO3- H2O2 -300, 0.05 g).  
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Fig. 3-34. ln k vs 1/T for the aldol condensation of heptanal and benzaldehyde 
 
Temperature plays a significant role in the aldol reaction (Fig.3-33). At 100 ºC, the 
reaction over MgO-NO3-H2O2-300 was slow and after 5 h, only 37 % conversion was 
obtained. Increasing the temperature to 125 ºC resulted in a higher rate, allowing close 
to 94 % conversion after 5 h. The high selectivity to jasminaldehyde (87 - 88 %) was 
nearly unchanged despite the different temperatures. From the Arrhenius equation, the 
activation energy is calculated to be 55 kJ/mol. The relatively low value shows that 
the rate-determining step in the reaction involves surface adsorption and desorption. 
 
 

























Fig. 3-35. Influence of benzaldehyde : heptanal molar ratio on aldol condensation 
Reaction conditions: 1-heptanal (2.0 mmol), 140 ºC, catalyst (MgO-NO3-H2O2-300, 
0.05 g).  
 
Table 3-20. Variation of benzaldehyde : heptanal ratio on aldol condensation of 








1 2 3 4 
5 5.5 99 88 12 0 0 
7 5 99 90 10 0 0 
10 7.5 99 92 8 0 0 
15 6 99 94 6 0 0 
 
In order to optimize the molar ratio of the reagents on the selectivity to 
jasminaldehyde, the aldol condensation reaction was carried out using benzaldehyde 
to heptanal ratios of 5, 7, 10, and 15 in the presence of MgO-NO3-H2O2-300 as 
catalyst at 140 ºC. On increasing the ratio of benzaldehyde to heptanal from 5 to 7, the 
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further increasing the molar ratio of substrates to 10 and 15 decreased reaction rate. 
This result could be due to competitive adsorption of the substrates for sites at the 
MgO surface. As the concentration of benzaldehyde increased, the number of 
available sites for adsorption of heptanal decreased. Varying the benzaldehyde : 
heptanal ratio from 5 to 15 increased the jasminaldehyde selectivity from 88 to 94 %.  
 
3.4 Conclusion 
The one-pot synthesis of flavanones with high selectivity was carried out using MgO 
catalysts that had been pretreated to different temperatures. Although all MgO 
samples including Mg(OH)2 were active in the Claisen-Schmidt condensation of 
benzaldehyde and 2-hydroxyacetophenone to 2′-hydroxychalcone, their selectivity to 
flavanone differed. The highest flavanone yield was achieved over the refluxed MgO 
that was subsequently calcined at 500 ºC for 2 h. A mixture of Brønsted and Lewis 
basic sites is important for high flavanone yield. A selectivity of 94 % to flavanone 
was obtained in nitrobenzene as solvent while under solventless condition, the 
selectivity was even higher, 98 %. The high selectivity to flavanone in nitrobenzene 
was attributed to the preferential exposure of strongly basic sites as the nitrobenzene 
molecules covered the weakly basic sites. Strong Lewis basic sites were postulated to 
be important in the selective formation of flavanone. In the presence of DMSO, 
dehydrogenation of flavanone to flavone occurred. 
In contrast, the aldol reaction between benzaldehyde and heptanal was most 
facile over MgO with low basicity. The most active MgO was that prepared from 
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Mg(NO3)2 with low surface area and low basicity as compared to MgO obtained 
commercially or after reflux. The selectivity to jasminaldehyde is between 73 – 80 % 
(benzaldehyde : heptanal molar ratio of 10). A significant by-product is 
2-pentyl-non-2-enal 2 from self-condensation of heptanal. Treatment with H2O2 
calcination at 300 ºC led to acid-base bifunctionality at the surface of MgO. The 
resulting MgO showed a high selectivity to jasminaldehyde of 88 – 90 % even at a 
benzaldehyde to heptanal molar ratio of 5. This was due to preferential adsorption of 
benzaldehyde over heptanal at the surface of the H2O2-treated MgO.  
In summary, the catalytically high selective synthesis of industrially valuable 
chemicals flavanones and jasminaldehyde were successfully achieved over the 
modified heterogeneous magnesium oxide catalysts. The results show that the solid 
catalysts have the potential to replace currently used homogeneous catalysts in 
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Appendix 
The (100) surface of MgO contained 4 Mg
2+
 ions. The number of MgO molecules 
covered when a nitrobenzene molecule adsorbs on the MgO surface is: 





                           
 unit) O-Mg of area(nm 0.18




    
 
If the benzene ring of nitrobenzene rotates about the nitrogen, the area it covers is: 
Bond ID Bond Length (nm) 
All C-C bonds 0.1399 
All N-O bonds 0.1223 
All C-H bonds 0.1093 
N-C bond 0.1486 
Note: The experimental bond length values from the NIST website. 
 








So, the number of Mg-O unit covered when benzene ring of nitrobenzene rotates 
about the N is: 
5                           
unit) O-Mg of area(nm 0.18

















  132 
Chapter 4  
Phosphonium ionic liquids as highly thermal stable and efficient 
phase transfer catalysts in a solid-liquid halex reaction 
 
4.1 Introduction 
Fluoroaromatics are important in pharmaceutical and agrochemicals due to their 
liphophilicity, broader spectrum of activity, lower toxicity, and enhanced chemical 
and physical properties over their non-fluorinated analogues [1]. An important method 
to prepare fluoroaromatic compounds is by halogen-exchange (Halex) where the 
chloro- or bromo-group in the compound is substituted by fluoride [2-3]. Whilst a 
number of metal fluorides can be used as nucleophilic fluorinating agents, potassium 
fluoride (KF) is widely used based on ready availability, low cost and reactivity [3-5]. 
In comparison, sodium fluoride is of lower reactivity than KF while the cesium 
fluoride is expensive but more reactive than KF. Potassium fluoride is reasonably 
soluble in protic solvents due to the formation of a strong hydrogen bond between the 
H and the F
-
. However, the nucleophilicity of F
-
 is reduced so that only highly 
electrophilic molecules can be substituted. Hence, Halex reactions are best carried out 
in polar aprotic solvents as the nucleophilicity of F
-
 is higher although the solubility is 
sacrificed. The solubility of KF in solvents such as dimethylsulfoxide (DMSO), 
tetramethylene sulfone, sulfolane, N, N-dimethylacetamide (DMAC), 
N-methylpyrolidinone (NMP) and benzonitrile is only at the millimole level [3, 6]. 
High temperatures in the range of 240 - 300 C are required to increase the solubility 
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of fluoride [4]. 
In recent years, the use of ionic liquids (IL) has attracted considerable interest as 
a solvent for a wide range of organic and inorganic materials and also as a phase 
transfer catalyst [6-11]. The use of phase transfer catalysts for Halex reaction has led 
to rate enhancements of 10
7
 as compared to the non-catalyzed systems [12]. Various 
phase transfer catalysts including tetraalkylammonium, phosphonium, guanidinium, 
and carbophosphazenium and bis(phosphoranylidene) ammonium salts have been 
reported [12-19]. In general, Halex reactions are carried out at high temperatures and 
the conductivity of the ionic liquids has been found to decrease after the reactions [17]. 
Hence, finding highly efficient and thermally stable ionic liquids is important. 
Phosphonium salts are much more thermally stable than the corresponding 
ammonium or imidazolium salts, hence, they can be used for reactions above 100 °C. 
Furthermore, the absence of acidic protons in the phosphonium cation unlike the 
imidazolium cation means that carbene formation can be avoided [10]. In this work, 
three different phosphonium ionic liquids (IL), triisobutyl (methyl) phosphonium 
tosylate 1, tributyl (methyl) phosphonium methyl sulfate 2 and trihexyl (tetradecyl) 
phosphonium tetrafluoroborate 3, (Scheme 4-1) have been investigated for their 
performance as phase transfer catalyst in the Halex reaction. The fluorination of 
1,2-dichloro-4-nitrobenzene to 1-chloro, 2-fluoro-4-nitrobenzene was used as a test 
reaction (Scheme 4-2).  
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Scheme 4-2. Halex reaction of 1,2-dichloro-4-nitrobenzene 
 
4.2 Experimental 
4.2.1 Materials and Catalyst Characterization methods 
Spray-dried KF (Sigma-Aldrich) was dried under vacuum for 6 h before use. 
Dimethylsulfoxide (DMSO) was dried using molecular sieves. All other reagents 
(4-chloro-nitrobenzene, 1,3-dichloro-4-nitrobenzene, 1,2-dichloro-4-nitrobenzene,  
2, 6-dichloro-benzaldehyde, tetramethyl ammonium chloride, triisobutyl (methyl) 
phosphonium tosylate, tributyl (methyl) phosphonium methyl sulfate, trihexyl 
(tetradecyl) phosphonium tetrafluoroborate) were used as received. The ionic liquids 
were obtained from Cytec. 
The thermal stability of the ionic liquids was assessed by conductivity 
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measurements and by thermogravimetry. For the former, a Jenway 4510 conductivity 
meter was used to measure the conductivity as a function of temperature from 70 to 
180 C under nitrogen. The weight loss during heating from 30 C to 650 C in 
nitrogen was measured using a Mettler TA instrument 2050. A heating ramp of 10 C 
min
-1
 was used. The onset decomposition temperature of PTC was taken at the 
starting point of its weight loss.  
 
4.2.2 Catalytic testing 
In a typical Halex reaction, 10 ml of dry dimethylsulfoxide (DMSO) was preheated in 
a screw-capped Teflon reactor (Berghof) at 180 ºC before adding 0.86 mmol of the 
phase transfer catalyst, 0.5 g KF and 6 mmol of the substrate. The reaction was 
carried out under nitrogen with stirring. Samples (0.05 ml) were withdrawn 
periodically during the reaction followed by filtration and analysis by gas 
chromatography (Agilent HP-5, 30.0 m × 320µm, 0.25µm film thickness). The GC 
program is as follows: initial temperature: 50 ºC, dwell time: 2 min, ramp: 10 °C min
-1
, 
final temperature : 300 ºC, dwell time: 5 min and He carrier pressure: 10 psi. A typical 
spectrum is given in Fig. 4-1. The retention time of the chemical compounds in this 
experiment are: 1,3-dichloro-4-nitrobenzene (4.907 min), 
1-fluoro-3-chloro-4-nitrobenzene (6.193 min), 1-chloro-3-fluoro-4-nitrobenzene 
(6.484 min), 1,3-difluoro-4-nitrobenzene (7.876 min). The samples were identified by 
GC–mass spectrometry (QP 5000 mass spectrometer, 30 m x 0.25 mm, DB-1 
capillary column).  
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The use of ionic liquids as solvents was investigated. In this case, 10 ml of the 
ionic liquid was used instead of DMSO. For analysis, water was added to dissolve the 
ionic liquid (the ionic liquid and water are miscible) and the aqueous phase was 
extracted with hexane. The organic phase was filtered and analysed by GC. 
 
 
Fig. 4-1. GC spectrum of reaction mixture and products 
 
4.3 Results and discussion 
4.3.1 Thermal stability of phosphonium ionic liquids 
The conductivity of the ionic liquids at 70 C decreased in the order: tributyl (methyl) 
phosphonium methyl sulfate 1 > triisobutyl (methyl) phosphonium tosylate 2 >  
trihexyl (tetradecyl) phosphonium tetrafluoroborate 3 (Table 4-1). This follows the 
size of the cations and/or anions. Upon heating to 180 C, the conductivity increased 
and tributyl (methyl) phosphonium methyl sulfate 1 showed the biggest change in 
conductivity. However, upon cooling, the conductivity decreased showing very 
similar values to that of the heating cycle. These results show that the ionic liquids 
were stable to short-term temperature rises up to 180 C. However, prolonged heating 
at 180 C for 5 h resulted in a pronounced decrease in the conductivity of IL-1 and 
IL-2 (Table 4-2). In contrast, the conductivity of IL-3 decreased only slightly from 
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Table 4-1. Conductivity of phosphonium ionic liquids after heating followed by 
cooling 
 Conductivity (mS cm
-1
) 
T IL-1 IL-2 IL-3 
(ºC) Heating Cooling Heating Cooling Heating Cooling 
70 1.58 1.56 0.68 0.67 0.16 0.16 
100 3.52 3.54 1.33 1.32 0.29 0.29 
120 6.45 6.44 1.96 1.95 0.43 0.42 
140 9.45 9.45 2.68 2.65 0.56 0.57 
160 12.76 12.76 3.53 3.56 0.77 0.76 
180 17.30 17.31 4.04 4.04 1.01 1.01 
Note: As IL-3 is a solid at room temperature, the conductivity measurements were 
started at 70 ºC.  
 
Table 4-2 Conductivity (at 20 
o
C) of phosphonium ILs after heating at 180 ºC for 5 h 
 Conductivity (mS cm
-1
) % change 
 Before heating After heating  
IL 1 1.58 0.79 50.0 
IL 2 0.68 0.38 44.1 
IL 3 0.16 0.14 12.5 
 
Table 4-3. Thermogravimetric analyses of ionic liquids 
 




Static TGA - Weight Loss 
at 180 ºC after 4 h (%) 
TMAC
a
 270 -1.62 
IL 1 282 -6.09 
IL 2 296 -1.35 
IL 3 329 -0.97 
a
Tetramethyl ammonium chloride. 
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The loss in conductivity correlates with thermogravimetry results. Table 4-3 
shows that all the samples lost weight when the temperature was held constant at  
180 ºC for 4 h. The smallest weight loss, 0.97 %, was observed for trihexyl (tetradecyl) 
phosphonium tetraborate 3 while tributyl (methyl) phosphonium methyl sulfate 1 
suffered a decrease of 6.09 % from its starting weight. This weight loss is even more 
than that of tetramethyl ammonium chloride (TMAC).  
Under dynamic TGA where the temperature is continuously increased, the onset 
of weight loss occurred at 270 ºC for TMAC while the phosphonium ionic liquids had 
higher onset decomposition temperatures of 296 to 329 ºC (Fig. 4-2). Trihexyl 
(tetradecyl) phosphonium tetraborate 3 was the most thermally stable with an onset 
temperature 59 ºC higher than TMAC. The weight loss at these temperatures showed 
that the samples were nearly completely decomposed.   
 
Fig. 4-2. TGA profiles of ionic liquids on heating in air 
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Fig. 4-3. Ionic liquids as phase transfer catalyst for Halex reaction of 1,2- dichloro- 
4-nitrobenzene 
Reaction conditions: 1,2 dichloro-4-nitrobenzene (6 mmol), KF (0.5 g, 8.6 mmol), IL 
(0.86 mmol), DMSO (10 ml), 180 ºC, N2.  
 
The fluorination of 1,2-dichloro-4-nitrobenzene was carried out using DMSO as the 
solvent. After 60 min, the conversion reached 74 % with the formation of 1-fluoro, 
2-chloro-4-nitrobenzene as the only product (Fig. 4-3). The preferential fluorination at 
the para-position in this compound is attributed to inductive and mesomeric effects 
which reduces the electron density and activates the C1 for nucleophilic attack [2].
 
When TMAC was used as the catalyst, the initial rate of reaction was increased from 
0.12 mmol min
-1
 in the uncatalysed reaction to 0.18 mmol min
-1
. After 90 min, the 
conversion reached 95 % conversion. A higher initial reaction rate, ~ 0.22 mmol min
-1
, 
was obtained when the phosphonium ionic liquids 1 and 2 were used instead of 
TMAC although at longer times, similar conversions were obtained. There was very 
little difference in the rate of reaction for ILs 1 and 2. However, when IL-3 was used 
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as the phase transfer catalyst, the initial rate was doubled and close to 100 % 
conversion was obtained within 30 min. The better performance of the phosphonium 
ionic liquids especially IL-3 as compared to TMAC may be due to their higher 
thermal stability.  
The fluorination of 1,3-dichloro-4-nitrobenzene catalyzed by IL-3 was 
investigated. Here, fluorination at the ortho-position occurred preferentially over the 
para-position (Fig. 4-4). This has been explained as being due to an enhanced 
inductive effect based on proximity to the nitro group [5]. After 50 min, the 
conversion reached 97 % with the ratio of the mono- to difluorinated nitrobenzenes in 
the ratio of 40 : 60. With longer times > 90 min, further fluorination results in 100 % 
selectivity to 1,3-difluorinated nitrobenzene. Hence, good yields of the fluorinated 


























Fig. 4-4. Composition versus time for fluorination of 1,3-dichloro-4-nitrobenzene 
Reaction conditions: 1,3 dichloro-4-nitrobenzene (6 mmol), KF (0.5 g, 8.6 mmol), IL 
3 (0.86 mmol), DMSO (10 ml),180 ºC, N2 protection. 
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The catalytic activity of IL-3 was next tested for the Halex reaction of 
monochlorobenzenes (Table 4-4). Compared to dichloronitrobenzenes which are 
activated due to inductive effects of the halogens [5], monosubstituted nitrobenzenes 
are less reactive. For the fluorination of 1-chloro-2-nitrobenzene, a yield of 55 % was 
obtained after 9 h. In contrast, the fluorination of the 1-chloro-4-nitrobenzene was 
faster and 97 % yield was obtained. The presence of a nitro group ortho to the chloro 
atom poses steric hindrance to fluorination. The resonance effect of the nitro group is 
reduced as it cannot be coplanar with the ring due to the bulky chloro atom at the 
ortho position [5]. Additionally, anionic substitution at the para- over the 
ortho-position has been found to increase with solvent polarity pointing to 
electrostatic repulsion in the transition state between the incoming anionic nucleophile 
and the negative charge on the oxygen atoms of the nitro group [20]. Thus, the use of 
polar DMSO as solvent led to higher reactivity of 1-chloro-4-nitrobenzene over that 
of 1-chloro-2-nitrobenzene. 
 
Table 4-4. Halex reaction of different aromatic substrates 
Substrates Time (h) Yield (%) 
1,3-dichloro-4-nitrobenzene 1.8 100 
1-chloro-2-nitrobenzene 9 55 
1-chloro-4-nitrobenzene 9 97 
Reaction conditions: substrate (6 mmol), KF (0.5 g, 8.6 mmol), IL 3 (0.86 mmol), 
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Fig. 4-5. Effects of different solvents on the Halex reaction of 1,2- dichloro-4- 
nitrobenzene 
Reaction conditions: 1,2 dichloro-4-nitrobenzene (6 mmol), KF (0.5 g, 8.6 mmol), IL 
3 (0.86 mmol), solvent (10 ml),180 ºC, N2. 
 
Table 4-5. Dielectric constant and boiling point of different solvents [21] 












DMSO 189 47.2 3.96 0.536 
sulfolane 287 43.3 4.80 0.271 
Nitrobenzene 211 34.8 3.99 0.003 
Benzonitrile 191 26 4.18 0.005 
1,2-Dichlorobenzene 181 9.8 2.14 0.006 
 
The effect of solvents on the Halex reaction was next investigated using IL-3. The rate 
of reaction was highest when polar aprotic solvents were used. In DMSO and using    
10 % of phosphonium IL-3, the conversion reached 98 % after only 30 min (Fig. 4-5). 
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conversion was 89 %. The initial rate of reaction was up to a hundredfold slower in 
solvents such as nitrobenzene, benzonitrile and 1,2-dichlorobenzene. Despite long 
times of more than 20 h, the conversion could only reached between 14 to 60 %. The 
rate of reaction can be correlated to the dielectric constant of the solvent [21]   
(Table 4-5). A solvent with high dielectric constant is able to shield the F
-
 ion from 
the K
+
 cation more effectively than one with a lower dielectric constant, thus 
minimizing the ionic interaction. Theoretical calculations show that ion pairing and 
solvation are factors that limit the nucleophilicity of the fluoride ion and in order to 
have mild reaction conditions, highly soluble, weakly ion-paired fluoride salts must be 
used in relatively nonpolar media [22]. 
 
4.3.4 Optimization of ionic liquid/KF ratio  
It was noted that the addition of very small amounts of the phosphonium IL-3 was 
sufficient to cause a noticeable change in the reaction rate. Indeed, the initial reaction 
rate increased by about sixfold compared to the uncatalyzed reaction even at 1 mol % 
IL-3 to KF (Fig. 4-6). The rate increased with IL-3/KF ratio and reached a maximum 
at 20 mol % IL-3/KF. At longer times (30 min), the conversion for both 10 and 
20 mol % IL-3/KF were similar. For a higher IL-3/KF ratio of 50, the rate of reaction 
became lower. This can be attributed to an increase in the viscosity of the solution as 
the concentration of the ionic liquid increases. This limits diffusion of the reactants 
and causes concentration inhomogeneity. Indeed, using the phosphonium ionic liquids 
as solvents led to very low rates of reactions (Table 4-6). The conversion after 400 to 
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450 min was only 4 to 21 %.  
 
Fig. 4-6. Dependence of initial rate of fluorinating 1,2-dichloro-4-nitrobenzene on 
mole % phosphonium IL-3 to KF 
Reaction conditions: 1,2 dichloro-4-nitrobenzene (6 mmol), KF (0.5 g, 8.6 mmol), 
DMSO (10 ml),180 ºC, N2. 
 
Table 4-6. Phosphonium ionic liquids as solvent for Halex reaction of 
1,2-dichloro-4-nitrobenzene 
Solvent Time (min) Conversion (%) Selectivity (%) 
DMSO 120 82 100 
IL 1 450 4 100 
IL 2 400 12 100 
IL 3 420 21 100 
Reaction conditions: 1,2 dichloro-4-nitrobenzene (6 mmol), KF (0.5 g, 8.6 mmol), 
solvent (10 ml), 180 ºC, N2. 
 
Another reason for the low activity could be the removal of free water from the 
surface of KF with increasing concentration of the ionic liquid. For reaction to occur, 
the ionic liquid must first react with solid KF to form the quaternary phosphonium 
fluoride and potassium borofluoride (Scheme 4-3). Transfer of the F
-
 ions into the 
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organic liquid phase enables the substrate (RCl) to be fluorinated. Arrad and Sasson 
[23] have shown that traces of water are essential for the Halex reaction as the 
exchange of F
-
 between solid KF and the ionic liquid can only take place via free 
dissolved anions. In the absence of water, no F
-
 exchange can occur. A high ionic 









 is a better nucleophile and 
hydrogen acceptor than KF, as the F
-
 more “naked”. Thus, water will preferentially 




 rather than the surface of KF, causing the exchange reaction between 
the ionic liquid and KF to stop. Hence, the rate of reaction goes through a maximum 
with increasing concentration of the ionic liquid. 
 
Scheme 4-3. Ionic exchange reaction between IL3 and KF and phase transfer          
catalysis 
 
The structure of the quaternary phosphonium ion with three medium length ligands 
and one long hydrophobic tail may be partly responsible for the good performance of 
IL-3 compared to the other two phosphonium ionic liquids, which contained one short 
and three medium ligands. The size of the ligands determines the distance of approach 
between the F
-
 and the phosphorous, and thereby the cohesive strength of the ion pair. 
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This has to be sufficient to allow for the extraction of F
-
 from the crystal lattice of KF, 
but weak enough to yield a highly nucleophilic fluoride species for the halogen 
exchange reaction. 
 

























Fig. 4-7. Effect of temperature on the Halex reaction of 1,2- dichloro-4-nitrobenzene 
Reaction conditions: 1,2 dichloro-4-nitrobenzene (6 mmol), KF (0.5 g, 8.6 mmol), IL 
3 (0.86 mmol), DMSO (10 ml),180 ºC, N2.                                                        
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Fig. 4-8. ln k vs 1/T for the the Halex reaction of 1,2- dichloro-4-nitrobenzene 
 
In the presence of IL-3, the reaction can be carried out to > 99 % conversion even at 
temperatures as low as 140 ºC (Fig. 4-7). Although the reaction time was longer, 
300 min, compared to 120 min and 30 min at 160 ºC and 180 C, respectively, the 
lower temperatures limits decomposition of the phase transfer catalyst and allows for 
a prolonged lifetime. As seen in (Fig. 4-8), ln(rate constant) versus 1/T shows an 
approximate linear line, the activation energy and was calculated to be 83.2 kJ/mol. 
The relatively high value shows that the rate-determining step in the reaction involves 
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4.3.6 Reusability of trihexyl (tetradecyl) phosphonium 
tetrafluoroborate  

























Fig. 4-9. Reusability of IL-3 for Halex reaction of 1,2-dichloro-4-nitrobenzene 
 
After the reaction, the products were extracted from the ionic liquid 
catalyst–DMSO mixture with hexane, and the mixture was used for another batch 
Halex reaction of 1,2-dichloro-4-nitrobenzene at 180 ºC. The subsequent cycles 
indicated a somewhat lower activity but the conversion was within 5 % of the fresh 
catalyst after 30 min (Fig. 4-9). Moreover, the reaction rate was still much higher than 
the uncatalyzed reaction, indicating the good stability of IL-3 when subjected to high 
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4.4 Conclusion 
The phosphonium ionic liquids are powerful phase transfer catalysts for the Halex 
reaction. A moderate loading of 20 mol % led to a maximum in the initial reaction 
rate. While triisobutyl (methyl) phosphonium tosylate and tributyl (methyl) 
phosphonium methyl sulfate were stable to short temperature excursions to 180 ºC, 
their conductivity decreased significantly after prolonged heating for 5 h. In 
comparison, trihexyl (tetradecyl) phosphonium tetrafluorobo-rate showed the best 
thermal stability and activity for the Halex fluorination of 1,2-dichloro-4-nitrobenzene 
and chloronitrobenzenes. The combination of three flexible medium-length ligands 
and one long hydrophobic tail on the phosphorous seems to be beneficial for the 
complexing ability of the phase transfer catalyst. The rate of reaction was highest with 
dimethylsulfoxide as the solvent. Due to its good stability at high temperatures, 
trihexyl (tetradecyl) phosphonium tetrafluoroborate can be reused without significant 
loss in activity. 
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Chapter 5  
A heterogeneous Pd–Bi/C catalyst in the synthesis of L-lyxose and 
L-ribose from naturally occurring D-sugars 
 
5.1 Introduction 
Carbohydrates represent the most abundant renewable source for chemical materials 
[1]. However, their use in fine chemistry is limited because of the difficulties caused 
by their high functionalization. In medicinal chemistry, the epimerization of the 
naturally occurring D-form to the corresponding L-form (not naturally occurring) is 
extremely important. Nucleoside analogues containing L-ribose have been developed 
as antiviral and antitumour agents [2-7]. These L-ribose-containing nucleosides 
frequently show less toxicity, high metabolic stability and better pharmacological 
activity than the D-ribose-containing analogues. However, because L-ribose is not 
found in nature, it must be synthesized by elaborate and laborious chemical or 
biochemical synthetic methods [8]. 
 
 
Fig. 5-1.  Structure of D-ribose, L-ribose and L-lyxose 
 
Similarly, L-lyxose which differs from D-ribose only in the absolute 
configuration of C4 (Fig.5-1) has interesting biochemical properties. Reist et al. [9] 
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synthesized the L-lyxose derivative, methyl -L-lyxopyranose, by inversion of the 
3-hydroxyl group of an L-arabinose derivative. However, the yield for this method 
was low (< 13 %). Kuzuhara et al. [10] improved the synthesis method of L-lyxose by 
starting from a cheaper chemical, D-glucose, but the overall yield was only 30 %. 
Brimacombe et al. [11] used 1,2 : 5,6-di-O-isopropylidene--D-gulofuranose as the 
starting material to produce L-lyxose. However, this synthetic route was carried out 
on a 0.1 - 0.3 g scale, which does not fulfill the requirements of industrial production. 
More recently, access to L-lyxose by biotransformations using microbial and 
enzymatic reactions has been reported [12]. Although this synthetic route can give a 
relatively high yield (50 %) of L-lyxose from ribitol, the following downstream 
operation of separating L-lyxose from the mixture of L-ribulose, L-xylulose and 
L-lyxose was a difficult and time-consuming process. Granström et al. [13] used 
xylitol as the raw material and reduced the number of steps in the biotransformation. 
However, the final equilibrium distribution between L-xylulose, L-xylose and 
L-lyxose was 53 : 26 : 21, reducing the overall yield of L-lyxose. 
Although current chemical and biochemical processes [14-23] can fulfill the task 
of synthesis of the rare L-sugars, they have disadvantages such as low yields, use of 
corrosive, toxic, flammable and/or pyrophoric chemicals such as bromine, pyridinium 
dichromate, concentrated acids, lithium aluminum hydride, difficulties with the 
separation of the products, control of by-products and disposal of wastewater. In this 
regard, heterogeneous catalysts have unique advantages, e.g., ease of handling, 
separation from the reaction mixtures and recovery of the catalysts [24-26]. Moreover, 
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heterogeneous catalysts often perform well under mild conditions and are seldom 
corrosive in nature. However, direct epimerization of carbohydrates with 
heterogeneous catalysts is largely unexplored. Here, we report an efficient and simple 
synthetic route to synthesize L-lyxose from the cheap starting material, D-ribose, 
through the use of a heterogeneous catalyst and readily available reagents    
(Scheme 5-1). The proposed synthetic route from D-ribose to L-lyxose consists of five 
reactions: (i) selective oxidation of D-ribose, (ii) protection of hydroxyl groups, (C2 
and C3) (iii) epimerization reaction at C-4, (iv) reduction of the carbonyl group in the 
anomeric carbon to a hydroxyl group, and (v) deprotection of hydroxyl groups (C2 
and C3). The key and also the most difficult step in the above reactions is the first step 
where D-ribose is oxidized to D-ribonolactone. D-Ribonolactone is a very important 
intermediate in the synthesis of various organic products, such as riboflavin (vitamin 
B2) and naturally occurring lactones [27-33]. The present procedure for producing 
D-ribonolactone is based on the oxidation of ribose with bromine [27]. Although this 
method can give a relatively high yield (80 %) within an acceptable time, bromine is 
corrosive, volatile and toxic, hence preventing this route from being a safe and 
efficient way for the production of D-ribonolactone on an industrial scale. Palladium 
as well as platinum dispersed on active carbon has been used as a catalyst for the 
oxidation of D-glucose to D-gluconate [34-36]. However, the catalyst becomes 
deactivated in the course of the reaction resulting in lower activity and selectivity for 
D-gluconate [37-38]. The addition of bismuth to the catalyst improves the activity and 
selectivity for the oxidation of glucose [39-41]. The bismuth adatoms prevent oxygen 
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poisoning of the palladium surface by acting as a co-catalyst in the oxidative 
dehydrogenation mechanism [42-45]. In view of its good oxidation properties in the 
oxidation of D-glucose, we decided to investigate its use for the oxidation of D-ribose 
to D-ribonolactone in the first step of the route to the L-sugar. The applicability of the 
scheme to the synthesis of L-ribose starting from D-lyxose was also attempted 
(Scheme 5-2).  
 

















Scheme 5-2.  Synthesis route from D-lyxose to L-ribose 
 
5.2 Experimental 
5.2.1 Preparation of palladium-bismuth catalysts 
Carbon-supported palladium-bismuth catalysts were prepared as follows. For Pd-Bi/C 
(Pd : Bi 5 : 1 atomic ratio), 1.0102 g of Pd/C (10 wt.%, Degussa), was suspended in 
H2O (15 ml) at 50 
o
C and Bi(NO3)3·5H2O (0.0921 g) was added. After stirring at 50 
o
C for 3 h, 37 % formaldehyde (0.2 ml). The suspension was kept at 82 
o
C under N2 
for 12 h for in situ reduction of the bismuth nitrate [46]. The solids were recovered by 
filtration and washed with water to obtain the desired catalyst. The same procedure 
was used to prepare Pd-Bi/C with atomic ratios of 1 : 1 to 8 : 1. Prior to use, the 
catalyst was reduced under H2 flow for 2 h at 150 
o
C. 
The nitrogen adsorption/desorption isotherms of the Pd-Bi/C samples were 
measured with a Micromeritics Tristar 3000. Because the catalyst was prepared and 
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reduced both at low temperature, before the measurement, the sample was degassed at 
only 100 
o
C for 6 h to remove physisorbed water. The surface area was determined 
using the Brunauer–Emmett–Teller (BET) method. The pore size distribution was 
calculated from the desorption branch of the isotherm using the 
Barrett–Joyner–Halenda (BJH) equation. The total pore volume of the sample was 
taken from the volume of nitrogen adsorbed at the P/P
o
 of 0.99. The crystal structure 
and phase of the samples were determined with a Siemens D5005 powder x-ray 
diffractometer equipped with a Cu anode and variable primary and secondary beam 
slits. The diffractograms were measured from 2θ of 5 o to 120 o, using a step size of 
0.02 
o
 and a dwell time of 1 s/step. The average crystallite size was calculated using 
the Scherrer equation. X-ray photoelectron spectroscopy (XPS) was used to determine 
the surface elemental composition. The measurements were made with a VG Escalab 
MkII using a Mg anode (1253.6 eV, 300 W). The binding energies are referenced to 
the carbon 1 s peak of CH at 284.6 eV. The peak areas were determined after peak 
fitting and normalized with the atomic sensitivity factors for the different elements 
(Pd (3d) = 4.6 and Bi (4f) = 7.4). 
 
5.2.2 Identification of products 
Melting points were determined with a Buchi 535 melting point apparatus and were 
uncorrected. Proton and 
13
C NMR spectra were measured at 300 MHz with a Bruker 
Avance 300 NMR spectrometer using tetramethylsilane (TMS) as the internal 
standard. Chemical shifts were reported in ppm downfield from TMS. Mass 
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spectrometry (MS) and high resolution-mass spectrometry electron ionization 
(HR-MS EI）were taken with a Finnigan MAT95XL-T and Micromass VG7035 
double focusing mass spectrometer of high resolution, respectively. Optical rotations 
were measured by a Perkin Elmer 341 polarimeter in a 1 dm cell. Analytical and 
preparative thin layer chromatography (TLC) were conducted on precoated TLC 
plates (silica gel 60 F254, Merck). 
 
5.3 Catalyst Characterization 
5.3.1 Nitrogen adsorption-desorption isotherms 
The nitrogen adsorption-desorption isotherms of the 10 wt % Pd/C and the Pd-Bi/C 
catalysts are given in Fig. 5-2a. The steep increase at low P/P
o
 indicates the presence 
of micropores while the hysteresis above P/P
o
 of 0.5 shows that mesopores are also 
present. The mesopores are between 3.2 to 4.7 nm, irrespective of the bismuth loading 









due to micropores. With the incorporation of bismuth, the surface area decreased     
(Table 5-1). Concomitant with this was a decrease in both the micropore and 
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Table 5-1. Surface area and pore volume of Pd-Bi/C catalysts 
















Pd   819 300 0.81 0.16 
Pd : Bi 8 : 1 708 260 0.72 0.14 
Pd : Bi 5 : 1 625 268 0.61 0.14 
Pd : Bi 4 : 1 599 234 0.60 0.13 
Pd : Bi 3 : 1 575 231 0.58 0.12 
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5.3.2 X-Ray diffraction 
Powder X-ray diffraction studies showed that metallic palladium (JCPDS 
00-051-0681) was present on Pd/C after hydrogen treatment at 150 
o
C for 2 h. 
However, for the reduced Pd-Bi samples, the characteristic peaks of Pd were shifted 
to smaller angles (Fig. 5-3). The peak positions are characteristic of palladium hydride, 
PdH0.706 (JCPDS 00-018-0951). To accommodate the hydrogen, an increase in lattice 
spacing occurred. The width of the peaks in 8Pd-Bi/C and 5Pd-Bi/C are narrower than 
Pd/C but broadened again with higher bismuth loadings. Furthermore, the peak 
maximum of the (111) reflex in 8Pd-Bi/C and 5Pd-C/Bi was at 2θ of 38.60  but 
shifted to higher angles, 38.63 – 38.87 , as the bismuth loading increased. The 
shift to higher 2θ indicates that less hydrogen was present in the higher 






























Fig. 5-3.  XRD spectra of Pd-Bi/C catalysts 
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5.3.3 X-Ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) measurements confirmed that the surface 
palladium was mostly in the metallic form with a binding energy of Pd 3d5/2 between 
333.3 to 335.5 eV (Fig. 5-4). Deconvolution of the peaks showed that Pd(II) was also 
present. The fraction of Pd(II) increased with bismuth loading (Table 5-2). Bismuth 
was present as Bi(III) and Bi(0), with Bi(III) being the predominant state for all 
samples except 5Pd : Bi/C. In this sample, more bismuth was present in oxidation 
state 0 than +3. With higher bismuth loading, the ratio of Bi(III)/Bi(0) increased. The 
surface Pd/Bi ratio agrees rather well with the expected ratio except for 8Pd-Bi/C 
where the relative surface concentration of Pd/Bi is higher than the expected 8 : 1. 
This may be due to the self-aggregation of bismuth oxide particles rather than 
spreading out evenly on the surface at the very low loading. 
 
Table 5-2 XPS results of Pd-Bi/C catalysts 
Theoretical Pd : Bi Pd(0)/Pd(II) Bi(III)/Bi(0) Experimental Pd : Bi 
8 : 1 40.4 2.79 13.64 
5 : 1 30.0 0.66 5.17 
4 : 1 11.9 2.32 4.31 
3 : 1 7.01 3.11 2.21 
1 : 1 5.93 4.44 1.03 
 























































Fig. 5-4.  XPS spectra of Pd-Bi/C catalysts for (a) Pd 3d (b) Bi 4f 
 
5.4 Synthesis of L-lyxose from D-ribose 
5.4.1 Oxidation of D-ribose to D-ribonate over Pd-Bi/C catalyst 
A 150 mL three-necked round-bottomed flask was charged with Pd-Bi/C catalyst 
(50mg) and deionized water (50 mL). The suspension was heated to 50 °C and the     
catalyst was treated by bubbling in 0.5 L min
-1
 hydrogen for 25 min. After this, 
nitrogen was introduced to purge out any remaining hydrogen. A solution of D-ribose 
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(Carbosynth, 1.05 g, 7 mmol) in water (70 mL) adjusted to pH 9 with KOH (0.5 M), 
was poured into the round-bottomed flask and oxygen (0.5 L min
-1
) was bubbled into 
the reactor. The pH of the reaction was maintained at pH 9 by adding KOH (0.5 M) 
solution with the pH autotitrator (Mettler Toledo DL-50). The progress of the catalytic 
reaction was followed by removing aliquots at regular time intervals and analyzing by 
HPLC (Shimadzu SPD-10AV equipped with a UV-visible detector, 200 nm). A Jordi 
Gel DVB organic acid column (250 mm length x 10 mm diameter) was used with 
0.05 M H2SO4 as the eluent (flow rate 1.5 ml min
-1
). Under the operating conditions, 
the retention time for D-ribose and ribonic acid is 8.5 min and 7.6 min, respectively. 
 
5.4.1.1 Effect of pH 
The effect of pH on the oxidation of D-ribose to D-ribonolactone was investigated 
using the heterogeneous 5Pd : Bi/C catalyst and oxygen gas as the oxidant. Without 
any pH control, the reaction started with a high initial rate but then leveled off to 
reach a conversion of 40 % after 180 min (Fig. 5-5). The pH decreased in the course 
of the reaction, starting at ~ 4.4 - 4.6 and falling to ~ 2.8 - 3.1 at the end of the 
reaction. The decrease in pH can be attributed to the formation of ribonic acid. 
Despite a longer reaction time, the conversion did not increase, indicating that the 
catalyst had been poisoned probably by the ribonic acid. Abbadi and van Bekkum [39] 
showed that for the oxidation of glucose over a palladium catalyst, the poisoning was 
due to the adsorption of the product, 2-keto-gluconic acid, on the catalyst. Under basic 
conditions, the gluconate forms instead and could desorb from the catalyst, thus 
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removing the inhibition.  
Maintaining the pH at 5 with KOH (0.5 M) led to a similar reaction profile as 
that without pH control. A limiting conversion of ~ 48 % was reached after 120 min. 
However, keeping a constant pH 7 during the reaction led to a higher rate of reaction 
and 74 % conversion was obtained after 180 min. A further increase in the reaction 
pH to 9 resulted in an even higher rate of reaction and 100 % conversion was reached 
after 110 min. Under the alkaline conditions, the salt, potassium D-ribonate was 
formed instead of ribonic acid and the absence of inhibition clearly shows that ribonic 


























Fig. 5-5. Oxidation of D-ribose to D-ribonate at different pH 
Reaction conditions: D-ribose (0.1 M, 70 cm
3
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5.4.1.2 Effect of Pd to Bi ratio 
Different Pd-Bi/C catalysts were investigated for the oxidation of D-ribose keeping 
the reaction mixture at pH 9 and 50 C. The rate of reaction was highest when 10 % 
Pd/C was used as the catalyst. After 40 min, the conversion was 95 % (Table 5-3). 
However D-ribose was oxidized to D-ribonate with only 83 % selectivity. 
By-products of glutarate and oxalate were formed due to overoxidation and 
degradation of D-ribose, respectively. In contrast, when Pd–Bi/C samples were used, 
the reaction was slower but the selectivity to D-ribonate improved to > 95 %. Of the 
Pd-Bi catalysts, 5Pd : Bi/C showed the highest activity. Its initial rate was similar to 
that of Pd/C but decreased with time to reach full conversion after 110 min. The main 
product was D-ribonate. The promoting effect of bismuth on platinum and palladium 
catalysts for carbohydrates has been attributed to a number of factors. These include a 
decrease in the size of the platinum ensembles due to bismuth adatoms, in turn 
reducing the irreversible adsorption of the substrate and formation of by-products as 
well as a higher affinity of bismuth for oxygen, thus preventing a high oxygen 
coverage on the metal [42-45]. Such overoxidation on the metal surface can lead to 
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Table 5-3 Conversion of D-ribose and selectivity to D-ribonate 2 over Pd-Bi/C 
catalysts 






1 Pd 40 95 83 
2 8Pd : 1Bi 80 94 >95 
3 5Pd : 1Bi 110 100 >95 
4 4Pd : 1Bi 130 96 >95 
5 3Pd : 1Bi 130 85 >95 
6 1Pd : 1Bi 130 82 >95 
Reactions condition: D-ribose (0.1 M, 70 cm
3





Besson et al. [43, 45] proposed that glucose oxidation on Pd-Bi/C catalyst 
proceeds via an oxidation dehydrogenation mechanism where bismuth acts as a 
cocatalyst to prevent overoxidation of the palladium surface. From the XPS results, 
5Pd : Bi/C has a high proportion of metallic Pd and Bi at its surface. Chemisorption of 
oxygen can occur at the surface of Bi(0). The dehydrogenation of D-ribose is 
facilitated by Pd(0), forming PdH. The ease at which PdH is formed is seen from the 
XRD spectra of the Pd-Bi/C catalysts as compared to purely Pd/C. The more Pd(0) 
sites are available at the surface of the catalyst, the faster the dehydrogenation 
reaction can proceed. Reaction of PdH with chemisorbed oxygen at Bi(0) forms water 
and regenerates Pd(0), thus completing the catalytic cycle A high bismuth loading 
covers the palladium sites, decreasing the activity of the Pd-Bi catalysts without 
affecting the selectivity. Conversely, when the bismuth loading is too low, the 
palladium surface can be subjected to oxygen poisoning. Hence, an optimum balance 
of available Pd and Bi sites determines the reaction rate. 
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5.4.1.3 Effect of temperature 
The temperature also played a significant role in the oxidation reaction (Fig. 5-6). At 
27 oC, the reaction was slow and after 110 min, only 43 % conversion was obtained. 
Increasing the temperature to 44 oC resulted in a higher rate, allowing close to 97 % 
conversion in the same time. The selectivity to D-ribonate (>95 %) was unchanged 
despite the different temperatures. The activation energy was calculated from the 
Arrhenius equation to be 71.3 kJ mol
-1
. The relatively high value shows that the 
rate-determining step in the reaction involves a chemical reaction rather than a mass 
transfer limited step. Additionally, further increasing reaction temperature is not 
recommended and the reasons are as follows: (1). Exposing O2 flow at high 






















Fig. 5-6. Oxidation of D-ribose to D-ribonate at () 27 () 44 and () 50 C 
Reaction conditions: D-ribose (0.1 M in water, 70 cm
3
), 5Pd-Bi/C (50 mg), 0.5L 
O2/min, pH 9. 
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5.4.1.4 Effect of different regeneration methods 
The used catalyst was recovered by filtration of the reaction mixture, regenerated and 
used in new batch reactions. Washing of the used catalyst followed by drying led to a 
reduction of activity (Fig. 5-7). The catalyst became more active after reducing in H2 
at 150 
o
C for 2 h so that full conversion could be obtained after 400 min. The best 
activity was obtained after washing the used catalyst with KOH and acetone followed 
by hydrogen reduction at 150 
o
C for 2 h. The activity of the regenerated catalyst was 





















Fig. 5-7. Activity of () fresh 5Pd : Bi/C and the used catalyst after () washing 
with water and drying, (▲) washing with water and reducing in H2, and () washing 
with KOH, acetone and H2 reduction.  
 
5.4.1.5 Stability of catalysts 
The used catalyst was tested in 5 batch reactions without loss of activity and 
selectivity (Fig. 5-8). Hence, the results showed that Pd-Bi/C is a reusable and 
selective catalyst for D-ribose oxidation. 





















Fig. 5-8. Conversion and selectivity of D-ribose oxidation with regenerated 5Pd-Bi/C 
catalyst 
 
5.4.2 One-pot transformation of D-ribonate to 2,3-O-isopropylidene 
-D-ribonolactone  
The synthesis conditions for the conversion of D-ribonate 2 to 
2,3-O-isopropylidene-D-ribonolactone 3 were investigated (Scheme 5-3). First, the 
potassium D-ribonate 2 can be converted to D-ribonic acid 2a by exchanging the 
potassium ions with hydrogen ions. Due to the dynamic equilibrium between 
D-ribonic acid and D-ribonolactone 2b, reaction of the latter with acetone will result 
in the desired 2,3-O-isopropylidene-D-1,4-lactone 3. In aqueous solution, the 
pyranose forms of D-ribose are present in much greater concentration (80 %) than the 
furanose forms (20 %) because of the increased torsional strain in the latter [47]. 
However, in this transformation, 1,5-lactone product was not observed possibly due to 
the more thermodynamically stabe of lactone in furanic form [48]. Thus, a one-pot 
transformation from D-ribonate to 3 can be achieved if a suitable acid and reaction 
conditions can be found. 
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Different reaction conditions were tested for this transformation with 
concentrated HCl (Table 5-4). Based on 2.0 g of crude D-ribonate 2, 66 % yield of  
2,3-acetonide 3 was obtained by stirring at 25 C for 18 h(entry 3). By addition of 
anhydrous CuSO4 the reaction time could be reduced and the yield increased to 72 % 
when the reaction mixture was refluxed at 60 C for 1.5 h (entry 4). This was the 
highest yield of 3 obtained as extending the refluxing time to 4 h led to the formation 
of the isomeric 3,5-acetonide 3a (entry 5, identified by 1H-NMR spectrum attached in 
Appendix) [49]. The molar ratio of 2,3-acetonide 3 and 3,5-acetonide 3a was about  
3 : 1. The use of conc. H2SO4 resulted in charring and only 8 % yield of 3 was 
obtained (entry 6). Use of the acidic anion exchange resin Amberlite IR-120H led to 
the formation of more 3,5-acetonide 3a than the desired 2,3-acetonide 3 (molar ratio 
2 : 1). 
 
Scheme 5-3. One-pot transformation of D-ribonate to 2,3-O-isopropylidene- 
D-ribonolactone 
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Table 5-4 One-pot transformation from D-ribonate 2 to 2,3-acetonide 3 




Condition Yield 3 
(%) 
1 conc. HCl (20 mmol) 15 Reflux at 60 C for 4 h, 
stir at RT for 8 h 
48 
2 conc. HCl (60 mmol)  40 Reflux at 60 C for 4 h, 
stir at RT for 8 h 
64 
3 conc. HCl (60 mmol) 40 Stir at RT for 18 h 66 
4 conc. HCl (24 mmol),  
CuSO4 (12.5 mol) 
40 Reflux at 60 C for 1.5 h 72 
5 conc. HCl (24 mmol),  
CuSO4 (12.5 mol) 
40 Reflux at 60 C for 4 h 84
a
 
6 conc. H2SO4 (30 mmol) 40 Reflux for 4 h and stir at 
RT for 8 h 
8 
7 AmberliteIR-120H (5g) 40 Stir at RT for 18 h 0 
8 AmberliteIR-120H (5g)  
2,2 dimethoxypropane  
(48.8 mmol) 
40 Stir at RT for 18 h 30
b
 
Based on 2.0 g of crude potassium D-ribonate. Molar ratio of 2,3-acetonide 3 to 
3,5-acetonide 3a: 
a
3 : 1; 
b
1 : 2 
 
 
5.4.3 Epimerization of 2,3-O-isopropylidene-D-ribonolactone to 
2,3-O-isopropylidene-L-lyxonolactone  
In the next step, 2,3-acetonide 3 was reacted in pyridine with methanesulfonyl 
chloride (MsCl) followed by treatment with potassium hydroxide [50-51]. 
2,3-O-Isopropylidene-L-lyxonolactone 4 formed under inversion of the reacting 
carbon center in 80 % yield (Scheme 5-4). The mechanism of the inversion at C4 has 
been proposed by Batra et al. [51] to involve an intermediate C4-C5 epoxide which 
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forms when the D-ribonolactone ring is opened by potassium hydroxide. Subsequent 
intramolecular nucleophilic substitution by the carboxylate ion in a 5-endo-tet process 
leads to ring opening of the epoxide and inversion of the configuration at C4. 
 
Scheme 5-4. Mechanism for the epimerization reaction 
 
5.4.4 Transformation of 2,3-O-isopropylidene-L-lyxonolactone to 
L-lyxose 
The carbonyl group on the anomeric carbon of 4 was reduced with NaBH4 in 
methanol to give the product 5 as a colorless syrup (95 % yield). Finally, compound 5 
was hydrolyzed using acidic Amberlite IR-120H resin to afford L-lyxose 6 in 95 % 
yield. Experimental details are given in the Appendix. 
 
 
  172 
5.5 Synthesis of L-ribose from D-lyxose 
The generality of the designed route was tested for the synthesis of L-ribose from 
D-lyxose (Scheme 5-2). 
 
5.5.1 Oxidation of D-lyxose to D-lyxonate with Pd-Bi/C catalyst 
The aerobic oxidation of D-lyxose 7 to D-lyxonate 8 was carried out successfully with 
the heterogeneous catalyst, 5Pd : Bi/C, at pH 9.Although the reaction was slightly 
slower than for D-ribose, the conversion was > 99 % after 180 min. The selectivity to 
D-ribonate was > 92 %. The general procedure for the oxidation of D-lyxose to 
D-lyxonate was similar to that for the oxidation of D-ribose (Section 5.4.1). Using the 
same conditions for HPLC as in Section 5.4.1, the retention time for D-lyxose is 
8.35 min and that for D-lyxonate (and lyxonic acid) is 7.55 min. 
 
5.5.2 One-pot transformation of D-lyxonate to 2,3-O-isopropylidene 
-D-lyxonolactone  
Different reaction conditions were required to transform D-lyxonate 8 to 
2,3-O-isopropylidene-D-lyxonolactone 9 (Table 5-5). The yield of 9 was < 5 % even 
with the use of sufficient conc. HCl, acetone and CuSO4 in the reaction mixture 
(Table 5-5, entries 1 & 2).The addition of the organic acid, methanesulfonic acid 
followed by stirring for 18 h could significantly improve the reaction yield of 9 to  
30 % (Table 5-5, entry 3). Under reflux conditions, the isomer 3,5-acetonide 9a was 
formed (Table 5-5, entries 4 & 5). Although the yield of each batch reaction after 
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stirring at 25 C for 18 h was relatively low (30 %), the significant difference in 
solubility of D-lyxonolactone and 2,3-acetonide 9 allows them to be easily separated 
with liquid-liquid (ethyl acetate/water) extraction. In turn, it was possible to recover 
the unreacted D-lyxonolactone and carry out further batch reactions to improve the 
yield. About 70 % yield was achieved after four cycles of the reaction. 
Besides this route, a modified synthesis method was used to produce 
2,3-acetonide 9 from D-lyxonate 8 (Scheme 5-5). Treatment of D-lyxonate 8 with 
conc. HCl, dimethoxypropane and MsOH gave D-lyxonolactone 8a and the 
diacetonide compound 8b which could be easily separated by liquid-liquid extraction 
(diethyl ether/H2O). D-Lyxonolactone 8a was reacted with more dimethoxypropane 
and MsOH to form 2,3-O-isopropylidene-D-lyxonolactone 9. For the diacetonide 8b, 
it was found that acetic acid/H2O (9 : 1) could selectively deprotect the hydroxyl 
groups in C4 and C5 [52]. Hence, 2,3-O-isopropylidene D-lyxonolactone 9 was 
formed with 70 % yield using this strategy. 
 
 
Scheme 5-5. D-Lyxonate 8 to 2,3-O-isopropylidene-D-lyxonolactone 9 
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Table 5-5. One-pot transformation of D-lyxonate 8 to 2,3-acetonide 9 




Condition Yield 9 
(%) 
1 conc. HCl (60 mmol) 40 Reflux for 4 h, stir at RT for 8 h 0 
2 conc. HCl (24 mmol),  
CuSO4  (12.5 mol) 
40 Reflux for 4 h < 5 
3 conc. HCl (24 mmol),  
MsOH (15 mmol) 
40 Stir at RT for 18 h 30 
4 conc. HCl (24 mmol),  
MsOH (15 mmol) 
40 Reflux for 4.5 h 30
a
 
5 conc. HCl (24 mmol),  
MsOH (15 mmol) 
40 Reflux for 12 h 36
b
 




40 Stir at RT for 18 h 40
c 
Based on 2.0 g of crude potassium D-lyxonate. Molar ratio of 2,3-acetonide 9 to 
3,5-acetonide 9a: 
a
9 : 1; 
b
3 : 1, 
c
4 : 1. 
 
5.5.3 Epimerization of 2,3-O-isopropylidene-D-lyxonolactone to 
2,3-O-isopropylidene-L-ribonolactone  
Compound 9 was next reacted with methanesulfonyl chloride (MsCl) in pyridine 
solution followed by potassium hydroxide to produce the L-ribonolactone 
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5.5.4 Transformation of 2,3-O-isopropylidene-L-ribonolactone to 
L-ribose 
Reduction of the carbonyl group on the anomeric carbon of the 2,3-acetonide 10 by 
NaBH4 in methanol solution gave product 11 as a colorless syrup (95 % yield). 
Finally, 11 was subjected to hydrolysis using acidic Amberlite IR-120H resin to 
afford L-ribose 12 in 94 % yield. 
 
5.6 Conclusion 
L-lyxose was synthesized from D-ribose in five steps with an overall yield of 50 %. 
This compares very favorably with yields of 13 to 30 % for the chemical synthesis of 
L-lyxose starting from L-arabinose [9] and D-glucose and its derivative [10-11]. The 
yield is also comparable to that obtained from microbial and enzymatic methods 
[12-13]. The overall yield of L-ribose was 47 % which can be compared with 
previously reported yields of 18 to 45 % [8, 14-23]. The aerobic oxidation of D-sugar 
to lactone was carried out over a heterogeneous catalyst, 10 wt% Pd-Bi supported on 
carbon, with high yields of > 95 %. The best catalyst contained a Pd : Bi atomic 
loading of 5 : 1. Under alkaline conditions, the catalyst was not affected by any 
poisoning and could be reused for subsequent batch reactions, with no significant loss 
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Appendix 
General procedure for one-pot transformation of D-ribonate to 
2,3-isopropylidene-D-ribonolactone 
The crude potassium-D-ribonate (2.01 g, obtained from oxidation of 1.5 g D-ribose) 
was dissolved in acetone (40 mL) and conc. HCl (37 %, 2 mL) was added dropwise to 
the solution. After stirring for 3 h at room temperature, CuSO4 (4 g) was added and 
the resulting mixture was refluxed for 1.5 h. The mixture was cooled to room 
temperature and NaHCO3 was added to neutralize the excess HCl. The mixture was 
filtered and the precipitate was washed with hot acetone (10 mL). The filtrate and 
washing were rotary evaporated to give the crude product in the form of a white solid. 
The crude product was dissolved in ethyl acetate (20 mL) and washed with deionized 
water (2 x 10 mL). Finally, the organic phase was rotary evaporated to dryness to 
afford 1.28 g of white crystalline solid 3 (68 % overall yield from D-ribose,  
mp 133-135 °C) [27]. Very pure material can be obtained by one to two additional 
recrystallization from hot ethyl acetate to yield solid 3 with melting point > 140 °C. 
1
H NMR (300 MHz, CDCl3): δ 1.38 (s, 3H, CH3), 1.47 (s, 3H, CH3), 3.79-3.83 (dd, 
1H, C-5H), 3.97-4.01 (dd, 1H, C-5H), 4.60-4.64 (m, 1H, C-4H), 4.76-4.78 (d, 1H, 
C-3H), 4.80-4.84 (m, 1H, C-2H). 
13
C NMR (300 MHz, CDCl3): δ 175.2, 113.1, 82.9, 
78.3, 75.6, 61.8, 26.7, 25.4. []D
20
 = -68.5 
o




Reported [27]: mp 134-137 °C; []D




  180 
1





C NMR (300 MHz, CDCl3) of 2,3-O-isopropylidene-D-ribonolactone 
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General procedure for epimerization of 2,3-isopropylidene-D-ribonolactone to 
2,3-isopropylidene -L-lyxonolactone 
Methanesulfonyl chloride (0.7 mL, 9 mmol) was added dropwise with stirring to an 
ice-cooled solution of 2,3-O-isopropylidene-D-ribonolactone (1.5 g, 8.0 mmol) in 
pyridine (5 mL) and the mixture was kept for 2 h at 0 °C. The reaction was quenched 
with water (5 mL) and CH2C12 (15 mL) was added. The organic layer was separated 
and the aqueous layer was extracted with CH2C12 (2 x 5 mL). The organic layers were 
combined and concentrated to obtain the semisolid mesylate. To this crude mesylate 
was added a solution of KOH (1.3 g, 23.2 mmol, 2.9 equiv) in water (10 mL), keeping 
the temperature at 25 C. After stirring for 6 h at this temperature, the pH was 
adjusted to 2.5-3.0 by adding 1 M HCl. The acidic solution was concentrated in vacuo 
to afford a solid mass. The solid mass was triturated with acetone (15 mL) and heated 
to reflux for 15 min. The acetone was decanted and the procedure was repeated. The 
combined acetone was dried over Na2SO4, and filtered. The clear filtrate was 





H NMR (300 MHz, CDCl3): δ1.39 (s, 3H, CH3), 1.47 (s, 3H, CH3), 
3.92-4.06 (m, 2H, C-5H and C-5’H), 4.58-4.62 (m, 1H, C-4H), 4.84-4.90 (m, 2H, 
C-3H and C-2H); 
13
C NMR (300 MHz, CDCl3): δ 173.3, 114.6, 79.0, 76.2, 76.1, 60.9, 




 (c = 1.0, acetone); IR (KBr): 3425, 1781 cm
-1
. 
Compare: mp 98-99 C [51], mp 92-93 C [50]; []D
25
= -89  (c=1.0, acetone) [51], 
[]D
20
 = - 85.6  (c = 1.0, acetone) [50]; 1H NMR (300 MHz, CDCl3): δ1.36 (s, 3H, 
CH3), 1.44 (s, 3H, CH3), 2.72 (brs, 1H, OH), 3.9-4.01 (m, 2H, C-5H and C-5’H), 
4.60-4.64 (m, 1H, C-4H), 4.83-4.89 (m, 2H, C-3H and C-2H) [51]; R (KBr): 3423, 









C NMR (300 MHz, CDCl3) of 2,3-O-isopropylidene-L-lyxonolactone 
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General procedure for reduction of 2,3-isopropylidene-L-lyxonolactone to 
2,3-isopropylidene-L-lyxose 
2,3-O-isopropylidene-L-lyxonolactone (0.5 g, 2.66 mmol) was dissolved in methanol 
(15 mL). The resulting solution was cooled to -20 C and NaBH4 (0.22 g, 5.4 mmol) 
was slowly added over 1 h. After stirring for 4 h, the solution was adjusted to pH 5-6 
with 1 M HCl solution. Concentration in vacuo afforded a white solid. The white solid 
was suspended in CH2Cl2 (20 mL) and the suspension was heated to boiling. The hot 
suspension was filtered and the solids were rinsed with hot CH2Cl2 (10 mL). 
Purification by column chromatography on silica gel (hexane/ethyl acetone 3 : 2) 
followed by concentration in vacuo afforded a syrup (0.48 g, 95 % yield) of 5. 
1
H NMR (300 MHz, CDCl3): (major) δ 1.30 (s, 3H, CH3), 1.45 (s, 3H, CH3), 3.90    
(m, 2H, C-5H and C-5’H), 4.25-4.28 (m, 1H, C-4H), 4.60-4.62 (m, 1H, C-3H), 
4.77-4.81 (m, 1H, C-2H), 5.41 (s,1H,C-1H); []D
20
 = - 18.5  (c = 1.00, H2O); MS 
(EI): m/z 190 (M
+
) HRMS(EI): calcd. for C8H14O5:190.0841, found: 190.0831. 
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1
H NMR (300 MHz, CDCl3) of 2,3-O-isopropylidene-L-lyxose 
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General procedure for hydrolysis of 2,3-isopropylidene –L-lyxose to L-lyxose 
Amberlite IR-120H (1 g) was added to a solution of 2,3-O-isopropylidene-L-lyxose 
(0.1 g, 0.53 mmol) in water (10 mL) at room temperature and stirred overnight. After 
filtration, the filtrate was concentrated in vacuo to afford a light coloured syrup. The 
syrup was purified by column chromatography on silica gel. 
13
C NMR (300 MHz, D2O): δ C1 (93.9), C3 (72.5), C2 (70.4 and 69.9), C4 (67.4 and 
66.4), C5 (64.0 and 62.9); []D
20 
= +13.5  (c = 2.6, H2O). 
Compare: []D
20 
= +12.7  (c = 2.6, H2O) [10]. The 
13
C NMR (400 MHz, D2O) 
spectrum is similar to that of ref. [12]. 
1
H NMR (300 MHz, D2O) was identical to its 
D-isomer. 
13
C NMR (300 MHz, D2O) of L-lyxose 
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General procedure for one-pot transformation of D-lyxonate to 
2,3-O-isopropylidene -D-lyxonolactone  
Method 1: The crude potassium D-lyxonate (2.01 g, obtained from the oxidation of 
1.5 g D-lyxose) was suspended in acetone (40 mL) and conc. HCl (37 %, 2 mL) was 
dropped into the suspension. After stirring for 1 h at room temperature, 
methanesulfonic acid (15 mmol) was added to suspension and the resulting mixture 
was stirred for 18 h. Following, NaHCO3 was added to neutralize the solution. The 
resulting mixture was filtered and the solid was rinsed with hot acetone (10 mL). The 
filtrate together with the washing was rotary evaporated to give the crude product. 
The white solid was dissolved in ethyl acetate (20 mL) and then washed twice with 
deionized water (10 mL). The organic phase was rotary evaporated to dryness to 
afford 0.52 g (28 % overall yield from D-lyxose) of white crystalline solid. The 
aqueous phase was rotary evaporated to dryness followed by adding methanesulfonic 
acid (10 mmol) and acetone (40 mL) and stirring at room temperature for 18 h. After 
subjecting the unreacted D-lyxonic acid in aqueous phase to 4 cycles of reaction, a 
total of 1.2 g of white crystalline solid was obtained (64 % overall yield from 
D-lyxose) 
Method 2: The crude potassium D-lyxonate (2.01 g) was dissolved in methanol  
(20 mL) and conc. HCl (2 mL). Successive concentration with methanol, toluene and 
methanol gave a residue to which acetone (30 mL), 2,2-dimethoxypropane (5 mL,     
40 mmol) and methanesulfonic acid (0.5 mL) were added. The mixture was stirred for    
20 h at room temperature and neutralized with NaHCO3. After filtration and 
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concentration, a syrupy residue was obtained. This was dissolved in H2O (15 mL) and 
extracted with diethyl ether (2 x 10 mL). The organic phase was dried with Na2SO4 
and concentrated to give a semi-crystalline intermediate 8b. A solution of acetic acid : 
H2O (9:1, 10 mL) was added and the solution was stirred for 17 h at 28 – 29 °C. 
Concentration gave a residue to which toluene was added resulting in a crystalline 
precipitate. The crystals were collected by filtration and dried in reduced pressure 
overnight to give the 2,3-acetonide 9 (0.78 g, 45 %). A light yellow syrup (8a) was 
obtained after rotary evaporating the aqueous phase. Dimethoxypropane (5 mL,  
40 mmol) and MsOH (0.5 ml) were added to the syrup, followed by stirring for 20 h 
at room temperature. The above procedure was repeated to obtain another 0.45 g of 
2,3-acetonide 9. The total product obtained was 1.23 g (65.4 % yield from D-lyxose). 
Mp 97–99 °C; 1H NMR (300 MHz, CDCl3): δ1.41 (s, 3H, CH3), 1.49 (s, 3H, CH3), 
3.94-4.08 (m, 2H, C-5H and C-5’H), 4.57-4.62 (m, 1H, C-4H), 4.84-4.89 (m, 2H, 
C-3H and C-2H); 13C NMR (300 MHz, CDCl3): δ 175.2, 113.1, 80.2, 76.1, 76.0, 60.8, 
26.7, 25.4; []D
20
 = +88.5  (c = 1.0, acetone). 
Compare with ref. [52]: mp 99–100 C; []D
 20
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General procedure for epimerization of 2,3-O-isopropylidene-D-lyxonolactone to 
2,3-O-isopropylidene-L-ribonolactone  
Methanesulfonyl chloride (0.7 mL, 9 mmol) was added dropwise with stirring to an 
ice-cooled solution of 2,3-O-isopropylidene-D-lyxonolactone (1.5 g, 8.0 mmol) in 
pyridine (5 mL) and the mixture was kept for 2 h at 0 °C. The mixture was quenched 
with water (5 mL) and CH2C12 (15 mL) was added. The organic layer was separated 
and the aqueous layer was extracted with CH2C12 (2 x 5 mL). The organic layers were 
combined and concentrated to obtain the semisolid mesylate. To this crude mesylate 
was added a solution of KOH (1.3 g, 23.2 mmol, 2.9 equiv) in water (10 mL) 
maintaining at room temperature. This solution was stirred for 6 h at the same 
temperature and 1 M HCl was added to adjust the pH to 2.5 - 3.0. The acidic solution 
was concentrated in vacuo to afford a solid mass. The solid mass was triturated with 
acetone (15 mL) and heated to reflux for 15 min. The acetone was decanted and more 
acetone added followed by reflux. Following, the combined acetone was dried over 
Na2SO4 and filtered. The clear filtrate was concentrated in vacuo below 35 C to 
afford 1.23 g (80 % yield) of product. 
Mp 135-137 C; 1H NMR (300 MHz, CDCl3): δ 1.38 (s, 3H, CH3), 1.48 (s, 3H, CH3), 
3.79-3.83 (dd, 1H, C-5H), 3.97-4.02 (dd, 1H, C-5H), 4.62-4.63 (m, 1H, C-4H), 
4.77-4.79 (d, 1H, C-3H), 4.82-4.84 (m, 1H, C-2H); 
13
C NMR (300 MHz, CDCl3):    
δ 173.3, 113.0, 82.5, 78.1, 75.5, 61.8, 26.5, 25.3; []D
20
 = +69.4  (c = 1.00, CHCl3). 
The NMR spectral data of 2,3-O-isopropylidene-L-ribonolactone was identical to the 
sample of D-isomer [53]. The optical rotation is equal but opposite to its D-isomer. 
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1
H NMR (300 MHz, CDCl3) of 2,3-O-isopropylidene-L-ribonolactone 
 
13
C NMR (300 MHz, CDCl3) of 2,3-O-isopropylidene-L-ribonolactone 
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General procedure for reduction of 2,3-O-isopropylidene-L-ribonolactone to 
2,3-O-isopropylidene-L-ribose  
2,3-O-isopropylidene-L-ribonolactone (0.5 g, 2.66 mmol) was dissolved into 
methanol (15 mL) and the resulting solution was cooled down to -20 C. To this 
solution, NaBH4 (0.22 g, 5.4 mmol) was very slowly added over 1 h at -20 °C. After  
4 h, the solution was adjusted to pH 5 - 6 with 1 M HCl solution and concentrated in 
vacuo to afford a white solid. The white solid was suspended in CH2Cl2 (20 mL) and 
the resulting suspension was heated to boiling. The hot suspension was filtered and 
the solid was rinsed with hot CH2Cl2 (10 mL). The filtrate was concentrated in vacuo 
to afford syrup. Purification by column chromatography on silica gel (hexane/ethyl 
acetate 3 : 2) afforded 0.48 g (95 % yield) of 2,3-O-isopropylidene-L-ribose. 
1
H NMR (300 MHz, CDCl3): (major) δ1.31 (s, 3H, CH3), 1.45 (s, 3H, CH3), 3.68 (m, 
2H, C-5H and C-5’H), 4.34-4.35 (m, 1H, C-4H), 4.53-4.55 (m, 1H, C-3H), 4.76-4.78 
(m, 1H, C-2H), 5.37 (s,1H,C-1H); []D
20
= +31.2  (c = 1.5, CH3OH); (M
+
) HRMS 
(EI): calcd for C8H14O5: 190.0841, found: 190.0851. 
Compare ref [19]: M
+
 190.0831. 
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General procedure for hydrolysis of 2,3-O-isopropylidene-L-ribose to L-ribose 
Amberlite IR-120H (1 g) was added to a solution of 2,3-O-isopropylidene-L-ribose 
(0.1 g, 0.53 mmol) in water (10 mL). The mixture was stirred overnight at room 
temperature, filtered and concentrated in vacuo to afford a light coloured syrup. 
Purification by column chromatography on silica gel (CHCl3/MeOH 2.5 : 1) afforded 
0.074 g (94 %) of L-ribose. 
13
C NMR (300 MHz, CD3OD): δ C1 (100.6), C4 (74.1), C2 (73.9), C3 (72.9), C5 
(64.3).;[]D
20
 = +19.5  (c =1.0, H2O). 
Compare: The 
13
C NMR spectral data of L-ribose was similar to that of ref. [19].  
1
H NMR (300 MHz, D2O) is identical to its D-isomer. 
13
C NMR (300 MHz, CD3OD) of L-ribose 
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Chapter 6 
Green synthesis of hydroxy-pyrrolidines using zeolites 
 
6.1 Introduction 
Azasugars are carbohydrate analogs in which the ring oxygen has been replaced with 
nitrogen and are found to be widespread in plants and microorganisms. Due to their 
structural similarity to native carbohydrates, they are potent inhibitors of many 
carbohydrate-processing enzymes involved in biological systems. These unique 
molecules promise a new generation of iminosugar-based medicines for a wide range 
of diseases such as viral infections, diabetes, tumor metastasis, AIDS and lysosomal 
storage disorders [1-10].  
Hydroxy-pyrrolidines are structurally identical to five-membered imino-sugars, 
which belong to the general class of azasugars. Hydroxy-pyrrolidines include the 
mannosidase inhibitors 1,4-dideoxy-1,4-imino-D-mannitol [11] and its 6-deoxy 
analogue [12], 1,4-dideoxy-1,4-imino-D-xylitol [13], the phytotoxin Swainsonine [14] 
whose properties include the inhibition of both lysosomal α-mannosidase [15] and 
mannosidase II [16], the antibiotic Anisomycin [17], Broussonetinine A [18] and the 
potent -galactosidase and α-mannosidase inhibitor, Gualamycin [19]. 
 
 
Fig.6-1. Structures of 1,4-dideoxy-1,4-imino-D-lyxitol and 1,4-dideoxy-1,4-imino- 
L-lyxitol  
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Of the lyxitol pyrrolidines, 1,4-dideoxy-1,4-imino-D-lyxitol (Fig. 7-1), which 
has the structure tentatively assigned to a pyrrolidine isolated from the marine sponge 
Raispalia, [20] was found to be a potent α-galactosidase inhibitor [13,21], while the 
enantiomer, 1,4-dideoxy-1,4-imino-L-lyxitol, has not been isolated or assayed [22]. 
A number of strategies to achieve a total synthesis of lyxitol pyrrolidines have 
been reported [23-29]. In spite of their elegance and creativity, many of these 
strategies are lengthy, some show poor diastereoselectivity, and all employ standard 
protecting group manipulations. Recently, Dangerfield et al. [22, 30, 31] presented a 
protecting group-free synthetic route to produce lyxitol hydroxy-pyrrolidines in 
competitive yield and high stereoselectivity. However, their methodology still has 
disadvantages, such as producing highly volatile and toxic HCN from the NaBH3CN 
used for the reduction of the imine, a tedious work-up procedure (especially for the 
synthesis of the methyl iodoglycoside), and unfavorable economics due to the large 
amount of ammonium acetate waste (~150 equiv), which when considered in overall, 
makes the synthetic scheme environmentally unfriendly. 
As mentioned in our previous work [32], heterogeneous catalysts have unique 
advantages, e.g., ease of handling, separation from the reaction mixtures and recovery 
of the catalyst. Moreover, heterogeneous catalysts often perform well under mild 
conditions and are seldom corrosive. Inventing a green and efficient synthetic scheme 
with heterogeneous catalysts to produce lyxitol hydroxy-pyrrolidines is highly desired. 
However, direct transformation of carbohydrates with heterogeneous catalysts is 
largely unexplored. 
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Here, we report an efficient and green synthetic route to synthesize 
1,4-dideoxy-1,4-imino-L-lyxitol 6 from the cheap starting material, D-ribose, through 
the use of a heterogeneous catalyst and readily available reagents (Scheme 6-1). The 
proposed synthetic route from D-ribose to lyxitol hydroxy-pyrrolidines 6 consists of 
five reactions: (i) one-pot synthesis of methyl 2,3-O-isopropylidene-D-ribose 2, 
(ii) iodination at C5 of 2, (iii) Vasella reductive amination to produce 4, 
(iv) halocyclization/carbonylation of 4 using an iodine-promoted annulation 
methodology, and (v) hydrolysis of the carbamate to form the targeted compound 6. 
The key and also the most difficult steps in the above reactions are: the first step 
where D-ribose is converted to methyl 2,3-O-isopropylidene-D-ribonolactone 2 and 
the third step which leads from methyl 2,3-O-isopropylidene-5-iodo-D-furanoside 3 to 
the olefinic amine 4. The applicability of the scheme to the synthesis of 
1,4-dideoxy-1,4-imino-D-lyxitol 11 starting from D-lyxose was also attempted 
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6.2 Experimental 
6.2.1 Characterization of zeolite catalysts 
All zeolite catalysts are commercially available and purchased from Zeolite 
International. The sample is named as zeolite-type (t) where t is the framework Si/Al 
ratios. The nitrogen adsorption/desorption isotherms of the zeolite samples were 
measured with a Micromeritics Tristar 3000. Before the measurement, each sample 
was degassed at 300 
o
C for 4 h to remove physisorbed water. The surface area was 
determined using the Brunauer–Emmett–Teller (BET) method. The pore size 
distribution was calculated from the desorption branch of the isotherm using the 
Barrett–Joyner–Halenda (BJH) equation. The total pore volume of the sample was 
taken from the volume of nitrogen adsorbed at the P/P
o
 of 0.99. The crystal structure 
and phase of the samples were determined with a Siemens D5005 powder x-ray 
diffractometer equipped with a Cu anode and variable primary and secondary beam 
slits. The diffractograms were measured from of 5 
o
 to 50 
o
, using a step size of 0.02
o
 
and a dwell time of 1 s/step. The average crystallite size was calculated using the 
Scherrer equation.  
 
6.2.2 Identification of products 
Proton and 
13
C NMR spectra were measured at 300 MHz with a Bruker Avance 300 
NMR spectrometer using tetramethylsilane (TMS) as the internal standard. Chemical 
shifts were reported in ppm downfield from TMS. Mass spectrometry (MS) and high 
resolution-mass spectrometry electron ionization (HR-MS EI）were taken with a 
Finnigan MAT95XL-T and Micromass VG7035 double focusing mass spectrometer 
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of high resolution, respectively. Optical rotations were measured by a Perkin Elmer 
341 polarimeter in a 1 dm cell. Analytical and preparative thin layer chromatography 
(TLC) were conducted on precoated TLC plates (silica gel 60 F254, Merck). To detect 
the sugars, thymol (0.5 g) / sulfuric acid (5 ml, conc. sulfuric acid in 95 ml ethanol) 
visualization reagent was used. After spraying, the TLC plate was heated to develop 
pink spots. 
 
6.3 Catalyst characterization 
6.3.1 Nitrogen adsorption-desorption isotherms 
The nitrogen adsorption-desorption isotherms of the different zeolite catalysts are 
































































































































Fig. 6-2. Adsorption/desorption isotherms of (a) H-beta (b) HY and (c) ZSM-5 
zeolites with different Si/Al ratios (in parenthesis). 
 
The steep increase at low P/P
o
 indicates the presence of micropores. The 
hysteresis above P/P
o
 0.5 in these zeolite samples does not indicate the presence of 
mesopores but originates from the inter-particle space of the sample. The HY (15) 








, due to micropores 
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(Table 6-1). The surface area and porosity of the samples were lower for zeolites with 
higher Al content. 
 





























H-beta (150) 496 288 0.52 0.15 20.7 
H-beta (75) 399 221 0.30 0.12 13.4 
HY (15) 567 433 0.47 0.23 59.6 
HY (2.6) 451 406 0.35 0.22 35.6 
ZSM-5 (60) 414 274 0.36 0.15 61.5 
ZSM-5 (40) 377 240 0.27 0.13 84.7 
ZSM-5 (15) 331 245 0.32 0.13 77.1 
 



























Fig. 6-3. X-ray diffractograms of zeolite samples 
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The powder X-ray diffractograms agree with reported diffractograms for H-beta, HY, 
and ZSM-5 zeolites.  
 
6.4 Synthesis route from D-ribose to 1,4-dideoxy-1,4-imino-L-lyxitol  
6.4.1 One-pot synthesis of methyl 2,3-O-isopropylidene-D-ribose 
The synthesis of methyl 2,3-O-isopropylidene-D-ribose from D-ribose can proceed 
via two different routes : route 1 where D-ribose is first reacted with MeOH and 
subsequently with acetone, or route 2 where D-ribose is first reacted with acetone and 
subsequently with MeOH (Fig. 6-4). Route 1 is preferred because the increased 
eletrophilicity of the oxygen atom on C3 and C4 resulting from the methoxylation of 
the hydroxyl group on C1 will assist in the following electrophilic addition to acetone.  
 
Fig. 6-4. Different synthesis routes to methyl 2,3-O-isopropylidene-D-ribose from 
D-ribose 
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Several homogeneous inorganic acid catalysts such as CH3COCl [22, 30, 31], 
HCl [33,34], H2SO4 [35] and HClO4 [36] have been used to catalyze the 
O-glucosylation of pentoses including D-ribose, L-ribose, D-xylose and D-arabinose, 
with methanol. Amongst them, HCl, and HClO4 were also used to synthesize methyl 
2,3-O-isopropylidene-pentoses in a one-pot transformation. Although the reactions 
proceed with relatively high yield and under mild reaction conditions, they all involve 
tedious work-up procedures and the catalysts could not be reused. 
Zeolites, as heterogeneous catalysts, can serve as an environmental friendly 
alternative to the traditional synthetic routes. The range of well-defined zeolites 
available, and their advantages as easily recoverable and reusable materials, have 
prompted their application in green and sustainable procedures for the conversion of 
carbohydrates [37]. There are several carbohydrate O-glucosylation reactions that 
employ zeolites as catalysts such as synthesis of butyl D-glucosides by acetylation of 
D-glucose with n-butanol [38, 39], O-glucosylation of 1,2-anhydro sugars with 
cyclohexanol [40], and Fischer-type glycosylation of N-acetyl--D-galactosamine 
(GalNAc) with methanol [41]. In view of the good catalytic activity in the 
glucosylation of D-glucose-based sugars, we decided to investigate use of zeolites for 
the glucosylation of D-ribose with methanol to methyl ribose. Commercially available 
zeolites of H-ZSM-5, HY and H-Beta with different Si/Al ratio were screened to find 
the most appropriate one with respect to activity and selectivity. 
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Table 6-2.Yield of methyl D-ribose over different zeolite catalysts 
Catalyst Time (h) Isolated yield (%) Ratio ()a 
H-beta (150) 18 94 2.8 
H-beta (75) 18 82 2.8 
HY (15) 18 67 2.6 
HY (2.6) 18 45 2.6 
ZSM-5 (60) 18 70 2.2 
ZSM-5 (40) 18 62 2.2 
ZSM-5 (15) 18 48 2.2 
a
Ratio of methyl -D-ribofuranoside : methyl -D-ribofuranoside 
Reaction condition: 0.3 g D-ribose (2 mmol), 6 mL MeOH, 0.35 g catalyst, 65 C. 
  
The catalytic activities of zeolites for the O-glucosylation of D-ribose with 
methanol were tested (Table 6-2). Within each class of zeolite, there is a similar trend 
in the relationship between catalytic activity and framework Si/Al ratios: the catalytic 
activity increased with increasing Si/Al ratios. Zeolites with high Si/Al ratio have 
fewer acid sites but these acid sites are stronger than in zeolites with low Si/Al. 
Furthermore, the hydrophobicity increases with increasing Si/Al ratio due to the 
decrease in the number of hydrophilic charge-compensating ions in the zeolite 
structure [42]. Glucosylation of D-ribose with methanol liberates one mole of water 
which can poison the acid sites of the catalysts [43]. The poisoning will be reduced for 
high Si/Al zeolites despite their smaller density of acid sites. The highest yield of 
methyl D-ribose, 97 %, was obtained after 18 h over H-beta zeolite with a very high 
framework Si/Al-ratio of 150. Additionally, the large pore openings and spacious 
channel intersections of H-beta zeolite may also contribute to its catalytic activity 
[44]. 
  206 
Table 6-3. Optimization of reaction conditions on yield of methyl D-ribose 
Entry Conditions Yield (%) 
1 0.1 g catalyst, 65 C  68 
2 0.2 g catalyst, 65 C 84 
3 0.35 g catalyst, 65 C 94 
4 0.35 g catalyst, 50 C 65 
5 0.35 g catalyst, 25 C 20 
Reaction condition: 0.3 g D-ribose (2 mmol), 6 mL MeOH, H-beta (150), 18 h. 
 
As shown in Table 6-3, for 2 mmol (0.3 g) of D-ribose, 0.35 g of H-beta (150) 
was needed in order to obtain the methoxylated product in quantitative yield (94 %) 
within 18 h at a reaction temperature of 65 C. Reducing the temperature led to long 
reaction times and after 18 h, the yield of the methyl D-ribose was only 65 and 20 %, 
respectively, when the reaction was conducted at 50 
o




Table 6-4.Yield of different pentoses over H-beta (150) catalyst 
Pentoses Time (h) Isolated Yield (%)  Ratio (/)a 
D-ribose 18 94 2.8 
L-arabinose 18 92 1.3 
D-xylose 18 85 1 
D-lyxose 18 70 —b 




 Methyl -furanoside: methyl -furanoside; 
b
Four methyl D-lyxose derivatives formed, including -D-lyxofuranoside, 
-D-lyxofuranoside, -D-lyxopyranoside and -D-lyxopyranoside. The NMR 
spectrum was too complex to quantify the contributions of different isomers.  
 
To illustrate the versatility of the solid acid H-beta (150) catalyst, a few other 
pentoses such as L-arabinose, D-xylose, D-lyxose were tested for the catalytic 
methoxylation reaction. Except D-lyxose, H-beta (150) showed very good 
  207 
O-glucosylation ability for the selected pentoses. After 18 h, satisfactory 
yields > 85 % were achieved for L-arabinose and D-xylose. 
It was reported that the isopropylidenation of various monosaccharides such as 
D-galactose, L-arabinose and L-sorbose can be catalyzed by HY zeolite [45]. As 
H-beta (150) catalyzed the methoxylation of D-ribose efficiently (Table 6-2), it was 
investigated for isopropylidenation so that the reaction from D-ribose to 
2,3-O-isopropylidene-D-ribose can be carried out in one-pot. The reaction was carried 
out by the additional presence of acetone. Satisfyingly, an encouraging 76 % yield 
was achieved after 24 h. Moreover, the significant difference in solubility of D-ribose 
and the 2,3-acetonide 2 allows them to be easily separated with liquid–liquid (ethyl 
acetate/water) extraction. In turn, it was possible to recover the unreacted D-ribose 
and carry out further batch reactions to improve the yield. About 93 % total yield was 
achieved after another cycle of the reaction. 
The used catalyst was recovered by filtration of the reaction mixture, regenerated 
and used in new batch reactions. Washing of the used catalyst with water and acetone 
followed by drying and calcination at 500 
o
C for 2 h led to almost complete recovery 
of the initial catalytic activity (Fig. 6-5).  
















Fig. 6-5. Yield of 2,3-O-isopropylidene-D-ribose 2 for successive cycles using 
regenerated H-beta (150) catalyst 
 
6.4.2 Transformation of methyl 2,3-O-isopropylidene-D-ribose to 
methyl 2,3-O-isopropylidene-5-iodo-D-furanoside  
In the next step, 2,3-O-isopropylidene-5-iodo-D-furanoside 3 was formed by reacting 
2,3-acetonide 2 in pyridine with methanesulfonyl chloride (MsCl) followed by sodium 
iodide in 2-butanone [33]. After a very simple work-up procedure using liquid–liquid 
(dichloromethane/water) extraction followed by filtration through a silica gel plug 
using ethyl acetate/hexane=1 : 3 as eluent, the iodide 3 was recovered in 95 % isolated 
yield.  
 
6.4.3 Synthesis of alkenylamine (4) from iodo-substituted- 
D-furanoside (3) 
In this step, iodo-substituted D-furanoside 3 is converted to alkenylamine 4 (Fig. 6-6). 
The Vasella reaction [46], which involves the formation of aldehydes from halogeno 
sugars by induction over metals such as indium and zinc, is used to convert 3 to 3c.  
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Fig. 6-6. Reaction mechanism for the formation of 4  
 
In their studies on the synthesis of lyxitol pyrrolidines, Dangerfield et al. [22, 30, 31] 
used NaBH3CN for the reduction of the intermediate imine to amine with the 
formation of toxic HCN. We modified this reduction step by using H2 produced by the 
reaction of NH3 solution and Zn dust (Fig. 6-7). The choice of Zn comes from the fact 
that it is a very good reducing agent [47] and promoter in the preparation of amines 
from imine [48-50] and oximes [51-54].   
 
Fig. 6-7. Reaction of Zn dust and NH3 solution 
 
It is well known that the use of ammonia or ammonium salts in reductive 
amination reactions typically results in the formation of amine dimers 3b (Table 6-5) 
due to the lower nucleophilicity of ammonia compared to the primary amine product 
of the reductive amination [30]. Therefore, the reaction has to proceed under an 
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environment where ammonia or ammonium salts should be largely in excess. Hence, 
the reaction of converting the iodo-substituted-D-furanoside 3 to olefinic amine 4 was 
carried out by using excess Zn, NH3 solution and ammonium salts (Table 6-5). 
 
Table 6-5. Preparation of olefinic amine 4 under different reaction conditions 
 
Entry Conditions Ratio (4 : 4a) Yield (%)
a
 
1 (NH4)2SO4 (20 equiv) --- --- 
2 NH4HCO2(20 equiv) --- --- 
3 (NH4)2CO3 (20 equiv) 1 : 1 42 
4 NH4Cl (20 equiv) 1 : 1 53 
5 NH4OAc (20 equiv) 2 : 1 61 
6 NH4OAc (80 equiv) 4 : 1 74 
7 NH4OAc (200 equiv) 10 : 1 85(72)
b
 
8 NH4OAc (20 equiv), NH3 (30 equiv) 1 : 2 36 
9 NH4OAc (200 equiv)
c
 10 : 1 25 
10
d
 NH4OAc (200 equiv), NaBH(OAc)3 (3 equiv)
 
10 : 1 81(66)
b
 
Reaction conditions: iodo-substituted D-furanoside 3 (0.16 g, 0.5 mmol), Zn dust 
(0.8 g, ~25 equiv), EtOH (10 mL), 25% NH3 aqueous solution (8 mL,100 equiv), 
90 
o
C for 18 h in autoclave. 
a




Round bottle flask and open system 
d
Vasella reaction to form aldehyde intermediate 3c, followed by addition of NH4OAc, 
NaBH(OAc)3. The reaction was stirred at RT for 30 h in an open round-bottomed 
flask. 
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Different ammonium salts, (NH4)2SO4, NH4HCO2, NH4Cl, (NH4)2CO3 and 
NH4OAc, were investigated for the reductive amination reaction (Table 6-5, entries 
1-5). It was found that after the addition of 20 equivalents of (NH4)2SO4 or NH4HCO2, 
only degradation of the starting material occurred, but no product could be detected 
(Table 6-5, entries 1 and 2). Although NH4Cl and (NH4)2CO3 had some activity, both 
were not satisfactory due to the excessive formation of the dimer 4a (Table 6-5, 
entries 3 and 4). NH4OAc showed a promising monomer selectivity, 4 : 4a of 2 : 1, 
and total amine yield (4+4a) (Table 6-5, entry 5). Next, taking advantage of the 
greater solubility of NH4OAc in EtOH, the concentration of NH4OAc was increased 
in an attempt to drive monomer formation. An increase from 20 to 200 equiv NH4OAc 
proved beneficial, and the monomer 4 was formed in a 10 : 1 ratio (Table 6-5, entries 
5-7). The ammonia concentration also affected the monomer selectivity significantly 
as a reduction from 100 to 20 equiv led to a decrease in both yield and selectivity 
(Table 6-5, entry 8). Surprisingly, when the reaction to the 
iodo-substituted-D-furanoside 3 was run under these optimized conditions in a system 
open to air, the amine yield dropped from 85 to 25 %, although the high monomer 
selectivity remained (4 : 4a of 10 : 1). To investigate the reason for this drop in the 
amine yield, the one-pot Vasella-reductive amination was separated into two reaction 
steps (Scheme 6-3). 
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Scheme 6-3. Iodo-substituted-D-furanoside 3 to olefinic imine 4b 
 
As shown in Scheme 6-3, the first step is a classic Vasella reaction where an 
aldehyde intermediate 3c was obtained. Then, the unreacted excess Zn dust was 
removed by filtration before the reaction mixture was subjected to the second step 
reaction. There, we applied two different reaction conditions to the second step. As 
expected, no imine product 4b or 4c was detected in both cases. According to the 
mechanism (Fig. 6-6), imine 4b was produced by the condensation of aldehyde 
intermediate 3c with NH3 followed by the deprotection of isopropylidene with HCl. 
During the process, one equivalent of water was generated. Removal of the water 
from the reaction system should push the reaction towards imine formation. The large 
amount of water which is already present in the reaction mixture due to the use of 
aqueous ammonia solution as ammonia source severely hinders the formation of 
imine. One driving force to push for the formation of targeted compound amine 4 is to 
reduce intermediate imine to amine 3a. The nascent H2 produced from the Zn dust and 
ammonia solution is the only reducing agent for the imine reduction, therefore, no 
amine product was detected in the second step because of the absence of the Zn dust. 
The low amine yield obtained when the system was open to air can also be attributed 
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to the same reason that the H2 produced in round-bottomed flask can easily diffuse 
away in air, resulting in a lack of reducing agent for the intermediate imine reduction. 
This problem can be overcome by adding a stable and selective reducing agent. In 
contrast to NaBH3CN, sodium triacetoxyborohydride (NaBH(OAc)3) is a safe, mild, 
environmental friendly reducing agent and especially suitable for reductive 
aminations [55]. By adding 3 equivalents of NaBH(OAc)3 in the second reaction 
(Scheme 6-3), a satisfactory high amine yield of 81 % was achieved ( Table 6-5, Entry 
10).    
In contrast to amine 4, amine 3a is easily dissolved in organic solvents such as 
CH2Cl2 due to the presence of the isopropylidene group that masked the hydroxyl 
groups at C2 and C3. The significant difference in solubility of amine 3a and 
NH4OAc, which is present in large excess, allows them to be easily separated by 
liquid–liquid (CH2Cl2/water) extraction. The unreacted NH4OAc can be reused for at 
least five batches without causing a significant decrease of the monomer selectivity 






















total amine yield amine 4 selectivity
 
Fig. 6-8. Yield of amine products with recovered NH4OAc 
 
6.4.4 Formation of carbamate (5) and the subsequent synthesis of 
hydroxymethyl-pyrrolidine-3,4-diols (6)  
With the olefinic amine 4 in hand, we followed the method of Dangerfield et al.    
[22, 30, 31] to form the pyrrolidine ring system via halocyclization. Subjecting amine 
4 to iodine and NaHCO3 in water led to the formation of a single cyclic carbamate 
product 5 in 93 % yield. Then, the formed cyclic carbamate 5 was hydrolyzed with 
NaOH, and the desired pyrrolidine 6 was obtained in excellent yield (99 %). The 
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6.5 Synthesis route from D-lyxose to 1,4-dideoxy-1,4-imino-D-lyxitol  
6.5.1 One-pot transformation of D-lyxose to methyl 2,3-O- 
isopropylidene-D-lyxose  
The generality of the designed route was tested for the synthesis of D-lyxose to 
1,4-dideoxy-1,4-imino-D-lyxitol (Scheme 6-2). Various zeolite catalysts and reaction 
conditions were tested for the transformation of D-lyxose to 
2,3-O-isopropylidene-D-lyxose 7 (Table 6-6). 
 
Table 6-6. Yield of methyl 2,3-O-isopropylidene-D-lyxose 7 over different zeolite 
catalyst
 
Run Catalyst Time (h) Yield (%) Ratio
b
 
1 H-beta (12.5) 24 2 (10)
a
 >10 
2 HY (2.6) 24 0 (6)
a
 — 
3 ZSM-5 (15) 24 21 (22)
a
 4 
4 H-beta (150) 24 45 >10 
5 H-beta (150) (cycle 2) 24 45 4 
6 H-beta (150) (cycle 3) 24 45 2.5 
7 H-beta (150), MeOH (step 1), 












 Yield of 7c; 
b
 Ratio of furanoside product 7 to pyranoside product 7a; 
c
 Ratio of 2,3-acetonide (7+7a) to 3,5-acetonide 7b; 
Reaction condition: 0.5 g D-lyxose (3.3 mmol), 6 mL MeOH, 6 mL acetone, 0.35 g 
catalyst, 65 
o
C, 24 h. 
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As shown in Table 6-6, strongly acid zeolites such as H-beta (12.5), HY (2.6) 
and ZSM-5 (15) did not improve the yield of 2,3-acetonide 7. Worse, they even 
produced more unglucosylated 2,3-acetonide 7c than the desired compound 7       
(Runs 1-3). The best result was achieved over H-beta (150) and 45 % yield of methyl 
2,3-O-isopropylidene-D-lyxose (7+7a) in one batch reaction (Run 4). After reaction, 
the reaction mixture includes unreacted D-lyxose, methyl D-lyxose and 2,3-acetonide 
7. Although the yield in each batch reaction was relatively low, the significant 
difference in solubility of the chemicals (D-lyxose and methyl D-lyxose) and 
2,3-acetonide 7 allows them to be easily separated with liquid–liquid (ethyl 
acetate/water) extraction. Therefore it was possible to recover the unreacted and 
methyl D-lyxose and to carry out further batch reactions to improve the yield. About 
83 % yield was achieved after three cycles of the reaction. Interestingly, it was found 
that the ratio of 7a to 7 increased in the subsequent cycles (see Appendix-
1
H NMR of 
methyl 2,3-O-isopropylidene-D-lyxose 7). A separate experiment was carried out by 
allowing the formation of methyl D-lyxose, before the addition of acetone (Run 7). A 
relative higher molar ratio of 7a to 7 was obtained with this strategy, which indicates 
the pre-synthesis of the methyl D-lyxose can increase the possibility of forming the 
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6.5.2 Transformation of methyl 2,3-O-isopropylidene-D-lyxose to 
1,4-dideoxy -1,4-imino-D-lyxitol  
 
 Scheme 6-4. Methyl 2,3-O-isopropylidene-D-lyxose to aldehyde intermediate 8b 
 
Treating the 2,3-O-isopropylidene-D-lyxose (7+7b) with methanesulfonyl chloride 
(MsCl) in pyridine followed by reacting with sodium iodide in 2-butanone led to a 
mixture of iodo-substituted-D-lyxofuranoside 8 and D-lyxopyranoside 8a    
(Scheme 6-4). After a very simple work-up by liquid–liquid (dichloromethane/water) 
extraction and filtration through a silica gel plug using ethyl acetate/hexane=1 : 3 as 
eluent), a total 92 % isolated yield was achieved. 
From the Vasella reaction (Scheme 6-4), only a single aldehyde intermediate 8b 
will be obtained by treating the product mixture of iodo-substituted- D-lyxofuranoside 
8 and D-lyxopyranoside 8a. Employing the same optimized reaction conditions as in 
Table 6-5, Entry 7 for the mixture of iodo substituted-D-lyxofuranoside 8 and 
D-lyxopyranoside 8a, the monomer olefinic amine 9 was obtained in 68 % isolated 
yield. Finally, halocyclization/carbonylation of olefinic amine 9 to cyclic carbamate 
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10 and then hydrolysis of the cyclic carbamate 10 by following the method of 
Dangerfield et al. [22, 30, 31] afforded the hydroxy-pyrrolidine 11 in total 50 % yield 
(starting from D-lyxose). 
 
6.6 Conclusion 
The efficient and green synthesis of the hydroxy-pyrrolidines, 
1,4-dideoxy-1,4-imino-L-lyxitol and 1,4-dideoxy-1,4-imino-D-lyxitol was carried out 
in a simple 5-step preparative route starting from commercially available D-ribose and 
D-lyxose, respectively. The one-pot synthesis of the 1 methyl 2,3-acetonide of the 
D-pentoses was carried out using zeolite solid acid catalysts. The best catalyst was a 
H-beta zeolite containing a Si/Al molar ratio of 150, where a yield of > 83 % was 
obtained. During the reaction, no significant change in the physicochemical properties 
of catalysts occurred, so that these catalysts could be reused for subsequent batch 
reactions, with no significant loss of activity and selectivity. The synthetic route 
resulted in good yields of 1,4-dideoxy-1,4-imino-L-lyxitol and 
1,4-dideoxy-1,4-imino-D-lyxitol of 57 % and 50 %, respectively. The yields are 
comparable to previously reported yields of 55 % and 57 % [22, 30]. The reported 
strategy is not only competitive in yield but also employs many of the principles of 
Green Chemistry such as avoiding toxic or noxious chemical and recycling and 
reusing the reagents. 
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Appendix 
General procedure for transformation of D-ribose to methyl D-ribose  
A 25 mL round-bottomed flask was charged with D-ribose (0.3 g) and MeOH (6 mL) 
and heated under reflux. After the temperature of the solution was stable at 65 
o
C, 
H-beta (150) zeolite (0.35 g) was added. The mixture was stirred at the set 
temperature for 18 h and then cooled to room temperature. The zeolite catalyst was 
filtered off and the filtrate was evaporated under reduced pressure to afford a syrup. 
Purification by column chromatography on silica gel (chloroform/methanol 6:1) 
afforded 0.31 g (94 % yield) of methyl D-ribose. For the O-glucosylation of other 
pentoses with methanol, the same experimental procedure was used. All methoxylated 
products were identified by comparing their proton and carbon NMR spectra with 
references [22, 56-61] and the molar ratios of different isomer products were 
calculated from the integral values of the corresponding 
1
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General procedure for the one-pot transformation of D-ribose to 
methyl 2,3-O-isopropylidene-D-ribose  
A 25 mL round-bottomed flask was charged with D-ribose (0.5 g), acetone (6 mL) and 
MeOH (6 mL). After the temperature of mixture solution was stable at 65 
o
C, 
H-beta(150) catalyst (0.35 g) was added. The mixture was stirred at the set 
temperature for 24 h and then cooled to room temperature. The zeolite catalyst was 
filtered off and the fitrate was evaporated under reduced pressure to afford a syrup. 
The syrup was dissolved in ethyl acetate (20 mL) and then washed twice with 
deionized water (10 mL). The organic phase was rotary evaporated to dryness to 
afford 0.52 g (76 % yield) of colorless syrup. The aqueous phase was rotary 
evaporated to dryness followed by adding acetone (3 mL) and MeOH (3 mL) and 
zeolite catalyst (0.1 g) and stirring at 65 
o
C for 24 h. After the same work-up 




 = -92 
o
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1
H NMR (300 MHz, CDCl3) of Methyl 2,3-O-isopropylidene-D-ribose 2 
 
1
H NMR (300 MHz, CDCl3): δ1.13 (s, 3H), 1.28 (s, 3H), 3.20 (s, 3H), 3.43 (m, 2H), 
4.16 (t,1H), 4.40 (d, 1H), 4.60 (d, 1H), 4.77 (s, 1H). 
Reported [62]: 
1
H NMR (300 MHz, CDCl3): δ1.30 (s, 3H), 1.47 (s, 3H), 3.44 (s, 3H), 
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C NMR (300 MHz, CDCl3): δ 24.6, 26.3, 55.4, 63.9, 81.4, 85.7, 88.3, 
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General procedure for iodination of methyl 2,3-O-isopropylidene-D-ribose 2 
to methyl 2,3-O-isopropylidene-5-iodo-D-furanoside 3 
Methanesulfonyl chloride (0.7 mL, 9 mmol) was added dropwise with stirring to an 
ice-cooled solution of methyl 2,3-O-isopropylidene-D-ribose (1.63 g, 8.0 mmol) in 
pyridine (5 mL) and the mixture was kept for 2 h at 0 °C. The mixture was quenched 
with water (5 mL) and CH2C12 (20 mL) was added. The mixture was washed 
successively with 10 % aq HCl (5 mL) until the extract became acidic and then with 
an additional portion of 10 % aq HC1 (5 mL) followed by aq NaHCO3 (5 mL). The 
organic phase was dried (MgSO4), treated with activated carbon, filtered and 
concentrated to give the semisolid mesylate. To a solution of the semisolid mesylate 
in 2-butanone (10 ml), NaI (1.8 g, 12 mmol) was added and the mixture was stirred 
and heated under reflux for 24 h. After the mixture had cooled to room temperature, 
the precipitate of sodium methanesulfonate was filtered off and the filtrate was 
evaporated. The residue was dissolved in dichloromethane (50 mL), washed with 
water (2×40 mL), and dried and the solvent was evaporated. The resulting syrup then 
was taken up in hexane/EtOAc, 3/1, v/v, and filtered through a silica plug to remove 
excess NaI to give the iodo-substituted D-furanoside 3 in 95 % yield (2.38 g). 
[α]D
20
 = -67 
o





 = -68.3 
o
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H NMR (300 MHz, CDCl3): δ1.26 (s, 3H), 1.41 (s, 3H), 3.12 (t,1H), 3.21 (dd, 1H), 
3.30 (s, 3H), 4.36 (dd, 1H), 4.57 (d, 1H), 4.70 (d, 1H), 4.98 (s, 1H).  
Reported [62]: 
1
H NMR (300 MHz, CDCl3): δ 1.33 (s, 3H), 1.49 (s, 3H), 3.16 (t,1H), 
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13
C NMR (300 MHz, CDCl3) of methyl 2,3-O-isopropylidene-5-iodo-D-ribose 3 
 
13
C NMR (300 MHz, CDCl3): δ 112.4, 109.4, 87.2, 85.1, 82.8, 55.0, 26.2, 24.8, 6.6l. 
Reported [62]: 
13
C NMR (300 MHz, CDCl3): δ 6.6, 24.9, 26.3, 55.2, 82.9, 85.3, 87.4, 
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General procedure for synthesis of alkenylamine 4 
Method 1: Activated Zn (0.8 g, 12.3 mmol), NH4OAc (7.7 g, 100 mmol) and 25 % 
aqueous NH3 (8 mL) were added to a solution of iodo-substititued D-furanoside 3 
(0.16 g, 0.5 mmol) in EtOH (10 mL). The mixture was stirred at 90 
o
C for 18 h in an 
autoclave, cooled to room temperature and concentrated under reduced pressure. The 
residue was dissolved in deionized water (20 mL) and extracted twice with CH2Cl2 
(15 mL × 2). The organic phase was rotary evaporated to dryness to afford a syrup. 
The resulting syrup was dissolved in iPrOH (5 mL) and 1 g (10 mmol) conc. HCl was 
added dropwise. The suspension was stirred for 2 h and concentrated under reduced 
pressure. The residue was redissolved in iPrOH (5 mL) and filtered. The solution was 
dry loaded onto silica gel and purified by gradient chromatography 
(DCM/EtOH/MeOH/30% aqueous NH3, 25/2/2/1 to 5/2/2/1, v/v/v/v), and the free 
base was converted into the HCl salt (HCl in isopropanol) to give the alkenylamine 
hydrochloride 4 in 72 % yield (55 mg, 0.36 mmol, light yellow powder). 
Method 2: To a solution of iodo-substititued D-furanoside 3 (0.314 g, 1 mmol) in 
EtOH (20 mL) was added activated Zn (0.65 g, 10 mmol). The mixture was stirred 
under reflux for 3 h before cooling to room temperature. Then, NH4OAc (15.4 g, 200 
mmol), 25 % aqueous NH3 (16 mL) and NaBH(OAc)3 (0.636 g, 3 mmol) were added. 
The resulting mixture was stirred at room temperature for 30 h in round-bottomed 
flask, filtered and concentrated under reduced pressure. The residue was dissolved in 
deionized water (30 mL) and extracted twice with CH2Cl2 (20 mL × 2). The organic 
phase was rotary evaporated to dryness to afford a syrup. The resulting syrup was 
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dissolved in iPrOH (10 mL) and 2 g (20 mmol) conc. HCl was added dropwise. The 
suspension was stirred for 2 h and concentrated under reduced pressure. The residue 
was redissolved in iPrOH (10 mL) and filtered. The solution was dry loaded on to 
silica gel and purified by gradient flash chromatography (DCM/EtOH/MeOH/30% 
aqueous NH3, 25/2/2/1 to 5/2/2/1, v/v/v/v), and the free base was converted into the 
HCl salt (HCl in isopropanol) to give the alkenylamine hydrochloride 4 in 66 % yield 
(102 mg, 0.66 mmol, light yellow powder). 
[α]D
20
 = +8.0 
o








 = +8.2 
o
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H NMR (400 MHz, D2O): δ 5.82 (m, 1H), 5.31 (m, 2H), 4.15 (dd, 1H), 3.81 (ddd, 
2H), 3.25 (dd, 1H), 2.97 (dd, 1H). 
Reported [30]: 
1
H NMR (300 MHz, D2O) δ 5.88 (ddd, 1H), 5.35 (d, 1H), 5.31 (d, 1H), 
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13
C NMR (400 MHz, D2O) of alkenylamine 4 
 
13
C NMR (400 MHz, D2O): δ135.2, 118.3, 73.9, 69.7, 41.0. 
Reported [30]: 
13
C NMR (75 MHz, D2O) δ 135.4, 118.3, 74.0, 69.8, 41.1. 
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Formation of carbamate 5 and the subsequent synthesis of 
hydroxymethyl-pyrrolidine-3,4-diols 6 
To a solution of the alkenylamine hydrochloride 4 (154 mg, 1 mmol) in water (5 mL) 
was added NaHCO3 (126 mg, 1.5 mmol) and I2 (279 mg, 1.1 mmol). The solution was 
stirred 18 h at room temperature, filtered and concentrated under reduced pressure. The 
product was purified by silica gel chromatography (EtOAc/MeOH, 99/1, v/v) to afford 
amorphous white powder carbamate 5 (148 mg, 0.93 mmol, 93 %). Following, to a 
solution of carbamate 5 (159 mg, 1 mmol) in EtOH (5 mL) was added NaOH (400 mg, 
10 mmol). The solution was stirred under reflux for 2 h before cooling down to room 
temperature. Amberlite IR 120H acidic ion exchange resin (1 g) was added and the 
suspension was stirred at RT for overnight. After filtering out the ion exchange resin, 
the resin was eluted with 5 to 15 % aqueous NH3. The resulting eluent was concentrated 
under reduced pressure. Finally, the free base was converted into the HCl salt using 
HCl in isopropanol to give 1,4-dideoxy-1,4-imino-L-lyxitol hydrochloride 6 in 97 % 
yield (165 mg, 0.97 mmol). 
Carbamate 5:  
HRMS(ESI) m/z calcd. For [C6H9O4N+Na]
+
: 182.0424, found: 182.0429; [α]D
20
 = 
+32.52  (c = 0.3, EtOH). 
Hydroxymethyl-pyrrolidine-3,4-diols 6: 
HRMS(ESI) m/z calcd. for [C5H11O3N+H]
+
:134.0812, found: 134.0813;  
[α]D
20
 = -22.5  (c = 0.3, H2O). 
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1
H NMR (400 MHz, D2O) of carbamate 5 
 
1
H NMR (400 MHz, D2O): δ 4.54 (m, 3H), 4.18 (ddd, 1H), 4.05 (dd, 1H), 3.53 (dd, 



















C NMR (400 MHz, D2O): δ 164.2 (C6), 73.3 (C2), 70.7 (C3), 64.4 (C5), 61.6 (C4), 
48.7 (C1). 
  237 
1






H NMR (400 MHz, D2O): δ 4.52 (dt, 1H), 4.37 (t, 1H), 4.00 (dd, 1H), 3.92 (dd, 1H), 
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13
C NMR (400 MHz, D2O) of 1,4-dideoxy-1,4-imino-L-lyxitol 6 
 
13
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General procedure for one-pot transformation of D-lyxose to 
methyl 2,3-O-isopropylidene-D-lyxose  
A 25 mL round-bottomed flask was charged with D-lyxose (0.5 g), acetone (6 mL) 
and MeOH (6 mL). After the temperature of mixture solution was stable at 65 
o
C, 
H-beta (150) catalyst (0.35 g) was added. The mixture was kept at this temperature 
and stirred for 24 h, and then cooled to room temperature. The zeolite catalyst was 
filtered off and the filtrate was evaporated under reduced pressure to afford a syrup. 
The syrup was dissolved in ethyl acetate (20 mL) and then washed twice with 
deionized water (10 mL). The organic phase was rotary evaporated to dryness to 
afford 0.31 g (45 % yield) of colorless syrup. The aqueous phase was rotary 
evaporated to dryness followed by adding Acetone (6 mL) and MeOH (6 mL) and 
zeolite catalyst (0.35 g) and stirring at 65 
o
C for 24 h. After subjecting the unreacted 
D-lyxose and methyl D-lyxose from the aqueous extract to 3 cycles of reaction, a total 
of 0.56 g of pure product was obtained (83 % overall yield from D-lyxose). 
D-lyxofuranoside product 7: 
1
H NMR (300 MHz, CDCl3): (Major) δ1.28 (s, 3H), 1.42 
(s, 3H), 3.30 (s, 3H), 3.85 (m, 2H), 4.02 (dd, 1H), 4.55 (d, 1H), 4.74 (d, 1H), 4.89 (s, 
1H). 
D-lyxopyranoside product 7a: 
1
H NMR (300 MHz, CDCl3): (Minor) δ1.33 (s,3H), 




Reported: D-lyxofuranoside product 7 [36]: 
1
H NMR (300 MHz, CDCl3): 4.94 (s, 1H), 
4.78 (dd, 1H, J = 5.88, 3.68), 4.58 (d, 1H, J = 5.88), 4.00 (m, 3H), 3.34 (s, 3H), 1.54 (s, 
3H), 1.31 (s, 3H). 
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C NMR (300 MHz, CDCl3) 7: (Major) δ112.7, 107, 85.1, 80.3, 79.3, 61.0, 54.6, 25.9, 
24.5.  
13
C NMR (300 MHz, CDCl3) 7a: (Minor) δ112.7, 99.9, 76.3, 74.4, 63.9, 62.9, 55.8, 
27.5, 25.6.  
Reported: 
D-lyxofuranoside product 7 [36]: 
13
C NMR (75 MHz, CDCl3): 113.3, 107.7, 85.8, 
80.9, 80.0, 61.7, 55.3, 26.6, 25.2. 
D-lyxopyranoside form product 7a [63]: 
1
H NMR (300 MHz, CDCl3): 1.35(s, 3H), 
1.49(s, 3H), 3.43 (s, 3H), 3.56-3.97 (m, 2H), 3.97-4.30 (m, 3H) and 4.64 (d, 1H). 
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General procedure for iodination of methyl 2,3-O-isopropylidene-D-lyxose 7 
to methyl 2,3-O-isopropylidene-5-iodo-D-lyxose 8 
Methanesulfonyl chloride (0.7 mL, 9 mmol) was added dropwise with stirring to an 
ice-cooled solution of methyl 2,3-O-isopropylidene-D-lyxose (1.63 g, 8.0 mmol) in 
pyridine (5 mL) and the mixture was kept for 2 h at 0 °C. The mixture was quenched 
with water (5 mL) and CH2C12 (20 mL) was added. The mixture was washed 
successively with 10 % aq HCl (5 mL) until the extract became acidic and then with 
an additional portion of 10 % aq HC1 (5 mL) followed by aq NaHCO3 (5 mL). The 
organic phase was dried (MgSO4), treated with activated carbon, filtered and 
concentrated to give the semisolid mesylate. To a solution of the mesylate in 
2-butanone (20 mL) was added NaI (12 g, 80 mmol), and the mixture was stirred and 
heated under reflux for 36 h. After the mixture had cooled to room temperature, the 
precipitate of sodium methanesulfonate and unreacted NaI were filtered off and the 
filtrate was evaporated. The residual oil was dissolved in dichloromethane (50 mL), 
washed with water (2 × 40 mL), and dried and the solvent evaporated. The resulting 
syrup then was taken up in hexanes/EtOAc, 3/1, v/v, and filtered through a silica plug 
to remove excess NaI to give the iodo-substititued D-lyxose 8 in 92 % yield (2.31 g). 
[α]D
20
 = +65 
o
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H NMR (300 MHz, CDCl3): (Major) δ1.30 (s, 3H), 1.42 (s, 3H), 3.25-3.35 (m,4H), 
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C NMR (300 MHz, CDCl3): (Major) δ 112.6, 107.1, 85.1, 80.4, 79.4, 54.6, 26.0, 
24.9, -0.8.
 
  246 
General procedure for synthesis of alkenylamine 9  
To a solution of iodo substituted D-lyxose 8 (0.16 g, 0.5 mmol) in EtOH (10 mL) was 
added activated Zn (0.8 g, 12.3 mmol), NH4OAc (7.7 g, 100 mmol) and 25 % aqueous 
NH3 (8 mL). The mixture was stirred at 90 
o
C for 18 h in an autoclave, cooled to room 
temperature and concentrated under reduced pressure. The residue was dissolved in 
deionized water (20 mL) and extracted twice with CH2Cl2 (15 mL × 2). The organic 
phase was rotary evaporated to dryness to afford a syrup. The resulting syrup was 
dissolved in iPrOH (5 mL) and 1 g (10 mmol) conc. HCl was added dropwise. The 
suspension was stirred for 2 h and concentrated under reduced pressure. The residue 
was redissolved in iPrOH (5 mL) and filtered. The solution was dry loaded on to silica 
gel and purified by gradient flash chromatography (DCM/EtOH/MeOH/30% aqueous 
NH3, 25/2/2/1 to 5/2/2/1, v/v/v/v), and the free base was converted into the HCl salt 
(HCl in isopropanol) to give the alkenylamine hydrochloride 9 in 68 % yield (52 mg, 
0.34 mmol, light yellow powder). 
[α]D
20
 = -8.0 
o
 (c = 0.1, EtOH); HRMS-ESI m/z calcd for [C5H11O2N+H]
+
: 118.0868, 
found: 118.0873.  
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1
H NMR (400 MHz, D2O) of alkenylamine 9 
 
1
H NMR (400 MHz, D2O): δ 5.82 (m, 1H), 5.31 (m, 2H), 4.15 (dd, 1H), 3.81 (ddd, 
2H), 3.25 (dd, 1H), 2.97 (dd, 1H) . 
Reported [22]: 
1
H NMR (500 MHz, D2O); δ 5.88 (ddd, 1H), 5.35 (d,1H), 5.31 (d, 1H), 
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13
C NMR (400 MHz, D2O) of alkenylamine 9 
 
13
C NMR (400 MHz, D2O) δ 135.4, 118.6,74.2, 69.9, 41.3. 
Reported [22]: 
13
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Formation of carbamate 10 and the subsequent synthesis of 
hydroxymethyl-pyrrolidine-3,4-diols 11 
To a solution of the alkenylamine hydrochloride 9 (154 mg, 1 mmol) in water (5 mL) 
was added NaHCO3 (126 mg, 1.5 mmol) and I2 (279 mg, 1.1 mmol). The solution was 
stirred 18 h at room temperature, filtered and concentrated under reduced pressure. 
The product was purified by silica gel chromatography (EtOAc/MeOH, 99/1, v/v) to 
afford carbamate 10 (157 mg, 0.99 mmol, 99 %) as an amorphous white powder. To a 
solution of carbamate 10 (159 mg, 1 mmol) in EtOH (5 mL) was added NaOH (400 
mg, 10 mmol). The solution was stirred under reflux for 2 h before cooling down to 
room temperature. Amberlite IR 120H acidic ion exchange resin (1 g) was added and 
the resulting suspension was stirred at RT for overnight. The ion exchange resin was 
filtered out and eluted with 5 to 15 % aqueous NH3. The resulting eluent was 
concentrated under reduced pressure. Finally, the free base was converted into the 
HCl salt using HCl in isopropanol to give 1,4-dideoxy-1,4-imino-D-lyxitol 
hydrochloride 11 in 97 % yield (165 mg, 97 mmol, 97 %). 
Carbamate 10:  
HRMS(ESI) m/z calcd. For [C6H9O4N+Na]
+
: 182.0429, found: 182.0433;  
[α]D
20
 = -30.22  (c = 0.3, EtOH). 
Hydroxymethyl-pyrrolidine-3,4-diols 11: 
HRMS(ESI) m/z calcd. for [C5H11O3N+H]
+
:134.0817, found: 134.0815; [α]D
20
 = 21.5  
(c = 0.3, H2O). 
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1






H NMR (400 MHz, D2O): δ 4.54 (m, 3H), 4.18 (ddd, 1H), 4.05 (dd, 1H), 3.54 (dd, 














C NMR (400 MHz, D2O) of carbamate 10 
 
13




















H NMR (400 MHz, D2O): δ 4.54 (dt, 1H), 4.37 (t, 1H), 4.00 (dd, 1H), 3.96 (dd, 1H), 

















C NMR (400 MHz, D2O); δ 69.3 (C2), 69.1 (C3), 61.4 (C4), 57.1 (C5), 46.5 (C1). 
